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Executive summary 1 
 2 
It is very likely that most land areas have warmed by at least 0.1℃ per decade over the past 50-100 3 
years with many areas warming faster in recent decades. The latter include most areas of Central and 4 
South America, West Antarctica and Western Europe (0.2-0.3°C per decade), the Arabian peninsula, 5 
Central Asia and Eastern Europe (0.3-0.5°C per decade) and Arctic land regions warming up to 1°C 6 
per decade (or more in a few areas). Consistent with this annual mean warming has been an increase in hot 7 
extremes which have shown to be virtually certain attributed to anthropogenic climate change in regions 8 
such as Europe where a range of extreme event attribution methods have been applied (high confidence). 9 
 10 
There are no locally significant trends in annual precipitation over most land areas. Regions where 11 
significant positive trends have been observed include most of North Asia and parts of Central and 12 
Southeast Asia (medium or high confidence). Significant negative trends have been observed in the 13 
Horn of Africa and south-west Australia (high confidence) and southern Africa with the latter 14 
attributed to anthropogenic warming of the Indian Ocean. Increases in precipitation intensity have been 15 
observed in the Sahel and over Southeast Asia (medium confidence).   16 
 17 
Warming trends observed in recent decades are projected to continue over the 21st century (high 18 
confidence) and over most land regions at a rate higher than the global average. Under an RCP8.5 19 
high emissions future it is likely that most land areas will experience a further warming of at least 4°C 20 
and in some areas significantly more; West, Central and Northern Asia and the Arabian Peninsula (8-21 
10°C) and the Arctic up to 12°C. 22 
 23 
There is high confidence that the precipitation climatology will change in most regions, either through 24 
changes in mean values or the characteristics of rainy seasons or daily precipitation statistics. Regions 25 
where mean rainfall is likely to increase include East and North Asia, southeast and southern South 26 
America, Ethiopian Highlands, northern Europe and North America and the polar regions. Regions 27 
were mean rainfall is likely to decrease include Indonesia, northern Arabian Peninsula, Central 28 
America, southwest South America, northern and southwest southern Africa and the Sahel and 29 
southern Europe. Changes in monsoons are likely to result in increased precipitation in northern China, 30 
increases during the summer monsoon but decreases during the winter monsoon in South Asia (medium to 31 
high confidence). There is also high confidence that precipitation intensity and extremes will increase in 32 
many areas including in some where annual mean reductions are likely (e.g. Southern Africa). 33 
 34 
The subset of CMIP6 results available in the Interactive Atlas at the time of the release of the SOD 35 
project more pronounced warming in many regions compared to CMIP5 with these differences 36 
clearest in high latitude regions. There is broadscale consistency in the patterns of mean temperature and 37 
precipitation change in the CMIP5 and CMIP6 ensembles models over all regions. 38 
 39 
Many aspects of the cryosphere either have seen significant changes in the recent past or will see them 40 
during the 21st century (high confidence). West Antarctica likely experienced an increase in surface 41 
mass balance mostly seen over the Antarctic Peninsula and the east part of West Antarctica. Also, it is 42 
virtually certain that snow cover will experience a decline over most regions of North America during 43 
the 21st century, in terms of water equivalent, extent and annual duration. Over the Hindukush-44 
Himalaya glacier mass is likely to decrease considerably (nearly 50%) under RCP4.5 and RCP8.5 45 
scenarios. However, the surface mass balance in East Antarctica showed strong interannual variability over 46 
recent decades, masking any possible existing trends (medium confidence due to limited observations). It is 47 
also very likely that some high-latitude regions will rather experience an increase in winter snow water 48 
equivalent, due to the snowfall increase impact prevailing over the warming impact.  49 
 50 
It is virtually certain that complex climate change information is understood differently by different 51 
groups of people. Best-practice guidance is emerging to achieve greater consistency in the understanding 52 
and use of climate information.  53 
  54 
Use of a narrative structure that converges with the values and experiences of audiences rather than 55 
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presenting lists of facts likely improves understanding in the face of this complexity.   1 
 2 
 3 
Atlas.1 Introduction 4 
 5 
Atlas.1.1 Purpose 6 
 7 
The Atlas serves several purposes. It expands on and integrates results from other WGI chapters and recent 8 
literature to provide summaries of observed and relevant regional/local climate phenomena, historical 9 
simulations and projected future climate change across different scales. It includes the description of an 10 
online interactive tool (the Interactive Atlas), which allows for a flexible spatial and temporal analysis of 11 
these results. One specific focus for the summaries is providing information on climatic impact drivers and 12 
hazards relevant to sectoral and regional chapters of the WGII report, being informed by and complementing 13 
the work of Chapter 12 in creating a bridge to Working Group II (WGII). Similarly, a specific aim of the 14 
integration is synthesising information drawn from across multiple chapters that is relevant to the WGII 15 
report and the mitigation and sectoral chapters of the Working Group III (WGIII) report. Finally, the Atlas 16 
also assesses approaches to communication of climate information, illustrated with case studies and guidance 17 
on how to interpret them. 18 
 19 
An overview of the main components of the Atlas Chapter is provided in Figure Atlas.1:. 20 
 21 
 22 
[START Figure Atlas.1: HERE] 23 
 24 
Figure Atlas.1: The main components of the Atlas Chapter with, bottom right, a screenshot from the online 25 

Interactive Atlas. 26 
 27 
[END Figure Atlas.1: HERE] 28 
 29 
 30 
Atlas.1.2 Context and framing 31 
 32 
Information on global and regional climate change in the form of maps, tables, graphs and infographics has 33 
always been a key output of IPCC reports. With the consensus that climate has changed and will continue to 34 
do so, policymakers are focusing more on understanding the implications which often requires an increase in 35 
regional and temporal details of observed and future climate. In response, the AR5 included in the WGI 36 
contribution a globally comprehensive coverage of land regions and some oceanic regions in the Atlas of 37 
Global and Regional Climate Projections (Annex I), focusing on projected changes in temperature and 38 
precipitation. In the WGII contribution, the Regional Context Chapter (21) included continental scale maps 39 
of observed and future temperature and precipitation changes, subcontinental changes in high percentiles of 40 
daily temperature and precipitation, and a table of changes in extremes over subcontinental regions (updating 41 
an assessment in the SREX report). However, there was only limited coordination between these two 42 
contributions despite the largely common data sources and their relevance across the two working groups 43 
and to wider communities of climate change-related policy and practice. This resulted in inefficiencies and 44 
the potential for confusing or inconsistent messages which the Atlas, with its links with other WGI/II/III 45 
chapters, is designed to address. 46 
 47 
Given the aims of the Atlas, there are several important factors to consider. There is a clear requirement for 48 
climate change information over a wide range of ‘regions’, and classes thereof, and temporal scales. There is 49 
also often the need for integrated information relevant for policy, practice and awareness raising. However, 50 
most other chapters in WGI are disciplinary, focusing on specific processes in the climate system or on its 51 
past or future behaviour, and have limited space to be spatially and temporally comprehensive. The Atlas 52 
provides an opportunity to facilitate this integration and exploration of information. 53 
 54 
Developing this information often requires a broad range of data sources (various observations, global and 55 
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regionally downscaled baselines and projections) to be analysed and combined and, where appropriate, 1 
reconciled. This is a topic which is assessed from a methodological perspective in Chapter 10 using a limited 2 
set of examples. The Atlas then builds on this work with a more comprehensive treatment of the available 3 
results, including (but not exclusively) CMIP5, CMIP6 and CORDEX, to provide wider coverage and to 4 
further demonstrate techniques and issues. 5 
 6 
Generating information relevant to policy or practice requires understanding the context of the systems that 7 
they focus on. In addition to the hazards these systems face, their vulnerability and exposure, and the related 8 
socio-economic and other physical drivers, also need to be understood. To ensure this relevance, the Atlas is 9 
informed by the assessments in Chapter 12 and the regional and thematic chapters and cross-chapter papers 10 
of WG II. It will thus focus on generating messages and information on climatic impact drivers and hazards 11 
applicable to assessing risks on human and ecological systems whilst noting the potential relevance of these 12 
to related contexts such as the Sustainable Development Goals and the Sendai Framework for Disaster Risk 13 
Reduction. 14 
 15 
Finally, developing and synthesising all of this information, whilst understanding the context in which it is or 16 
could be usefully applied, draws on and further develops methods for communicating climate information. It 17 
also provides a series of good practise examples on constructing clear and scientifically credible messages. 18 
This is used to provide an assessment of communication methods, with accompanying guidelines on 19 
generating relevant climate information and a final section describing the online Interactive Atlas and how to 20 
interpret the information it displays. 21 
 22 
 23 
Atlas.2 Defining temporal, spatial and typological domains and scales 24 
 25 
Over the past decades scientists have engaged in a wide array of investigations aimed at quantifying and 26 
understanding the state of the components of the land surface-ocean-atmosphere system, the complex nature 27 
of their interactions and impacts over different temporal and spatial scales. Through these studies a great deal 28 
has been learned about the importance of treating the appropriate temporal and spatial scale when estimating 29 
changes due to internal climate variability, trends, characterization of the spatiotemporal variability and 30 
quantifying the range of and establishing confidence in climate projections. It is therefore important to be 31 
able to explore a whole range of spatial and temporal scales and the Atlas complements the other chapters by 32 
facilitating this exploration of their assessments.  33 
 34 
This section presents the basic definitions of the temporal and spatial scales and domains of analysis used by 35 
the Atlas accounting for potential synergies between WGI and WGII. Noting the approach taken in the 36 
recent IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels (SR1.5; 37 
IPCC, 2018a), the Atlas will also present key global and regional climate changes at different global 38 
warming levels. 39 
 40 
In order to increase transparency and FAIR data practises, most of the results reported in this section can be 41 
reproduced using the scripts and data provided in the Atlas GitHub repository (Atlas GitHub, 2020). 42 
 43 
 44 
Atlas.2.1 Baseline and future time-slice periods and temporal scales of analysis 45 
 46 
Chapter 1 has extensively explored this topic in Section 1.5.3 and Cross-Chapter Box 1.2. A summary of the 47 
main points relevant to the Atlas are provided here.  48 
 49 
There is no standard baseline in the literature although the WMO recommends a 30-year baseline approach 50 
and the current official climate normal period is 1981–2010. However, it retains the 1961–1990 period as the 51 
historical baseline period for the sake of supporting long-term climate change assessments (WMO, 2017). 52 
The application of the WMO standards also provides sample sizes relevant to calculating changes in 53 
statistics other than the mean. The AR6 WGI has established the 1995–2014 period as modern reference 54 
period – for similar reasons to the 1986–2005 period used in AR5 WGI (IPCC, 2013b) – since 2014 (2005) 55 
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is the final year of the historical simulations of the models (see more details in Cross-Chapter Box 1.2). 1 
 2 
The choice of a baseline and averaging period can significantly influence the analysis results for changes in 3 
mean climate (Hawkins and Sutton, 2016) (Cross-Chapter Box 1.2) as well as its variability and extremes. 4 
Thus, assessing the sensitivity of results to the reference period is important and can be achieved using 5 
figures or tables comparing different climate baseline periods. The Interactive Atlas (see Section Atlas.7) 6 
allows users to test the implications of a wide range of different baseline periods, including: 7 
 8 

 the AR6 standard 1995–2014 period (20 years), 9 
 the AR5 standard 1986–2005 period (20 years), 10 
 the current WMO climate normal 1981–2010 period (30 years), 11 
 the WMO long-term climate normal 1961–1990 period (30 years). 12 

 13 
These baseline periods are relevant to work on impacts and thus would help to promote cross-Working 14 
Group consistency. Moreover, using the WMO 1961–1990 period and the AR5 facilitates comparison 15 
between CMIP5 (and CORDEX) and CMIP6 simulations since there exist ‘current climate’ simulations for 16 
all these datasets and thus can act as a common baseline for comparing results from AR5 with AR6. 17 
However, applying the more modern WMO 1981–2010 period or (particularly) the AR6 standard period 18 
would introduce an inconsistency as anthropogenic emissions in the CMIP5 and CORDEX models do not 19 
follow the observed trajectory from 2006 onwards. To an extent this can be circumvented by making the 20 
pragmatic choice of using scenario data to fill the missing segments (from 2006 to 2010 and from 2006 to 21 
2014, respectively) using the first years of RCP8.5-driven transient projections in which the emissions are 22 
close to those observed. This is the approach that is used in the Atlas and Chapter 12. On a more practical 23 
level, this also helped to demonstrate how climate scientists can analyse and interpret outputs of simulations 24 
following international standards and relevant to applications.  25 
 26 
Regarding the future reference periods, for consistency with previous reports, the Interactive Atlas considers 27 
the future periods used in AR6: the near-term, mid-term and long-term periods, respectively referring to 28 
2021–2040, 2041–2060 and 2081–2100. Moreover, from the SR1.5 report, global warming is defined as 29 
‘The estimated increase in global mean surface temperature (GMST) averaged over a 30-year period, or the 30 
30-year period centred on a particular year or decade, expressed relative to pre-industrial levels unless 31 
otherwise specified. For 30-year periods that span past and future years, the current multi-decadal warming 32 
trend is assumed to continue.’ Therefore, we also consider different global warming levels (GWLs) to 33 
support future climate assessment, in particular the +1.5°C, +2°C, +3°C and +4°C GWLs in the Interactive 34 
Atlas.  35 
 36 
To calculate GWLs for the datasets used in the Atlas (CMIP6 and CMIP5; see Section Atlas.3), we adopted 37 
the procedure used in Chapter 11 and quantify the global near-surface air temperature change for the 20-year 38 
period centred on the year when each model reaches the defined GWL of +1.5°C, +2°C, +3°C or +4°C for 39 
future projections assuming RCP 8.5 emissions, relative to pre-industrial levels as simulated by the historical 40 
simulation. Here, the 1851–1900 period is used to define the pre-industrial period and compute the mean pre-41 
industrial temperature as baseline. Then, 20-year running-mean timeseries are computed starting from the 42 
1971–1990 baseline period, and for each GCM (the running mean is centred around each year of the inter-43 
annual time series). As a result, the GWLs are determined by the year when the running mean crosses the 44 
GWL threshold. When the projections stabilize before reaching the required threshold and the warming 45 
period extends beyond the year 2100, it is discarded (this is indicated by the asterisks in Table Atlas.1:). For 46 
CORDEX simulations, the periods of the driving GCM are used, as in Nikulin et al. (2018).  47 
 48 
 49 
[START Table Atlas.1: HERE] 50 
 51 
Table Atlas.1: Time periods for which the +1.5, +2, +3 and +4°C GWLs (compared to pre-industrial times) were 52 

reached in the given list of CMIP5 global climate projections for two different scenarios (RCP4.5 and 53 
RCP8.5). Values correspond to the central year (n) of the 20-year window (the GWL period is 54 
calculated as [n − 9, n +10]). Asterisks indicate that the GWL was not reached before 2100. N/A 55 
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means ‘not available’. This table (and similar results for CMIP6) can be reproduced from the ATLAS 1 
GitHub (warming-levels section) (Atlas GitHub, 2020).  2 

 3 
 RCP4.5 RCP8.5 

CMIP5 model name +1.5º +2º +3º +4º +1.5º +2º +3º +4º 

ACCESS1-0_r1i1p1 2031 2052 * * 2027 2039 2060 2080 

ACCESS1-3_r1i1p1 2036 2055 * * 2030 2041 2060 2081 

bcc-csm1-1_r1i1p1 2022 2045 * * 2020 2037 2060 2084 

bcc-csm1-1-m_r1i1p1 2013 2040 * * N/A N/A N/A N/A 

BNU-ESM_r1i1p1 2008 2025 2067 * 2009 2023 2046 2065 

CanESM2_r1i1p1 2016 2031 2073 * 2013 2026 2049 2067 

CCSM4_r1i1p1 2016 2040 * * 2013 2030 2056 2077 

CESM1-BGC_r1i1p1 2019 2043 * * 2016 2033 2059 2080 

CESM1-CAM5_r1i1p1 2029 2046 * * 2027 2038 2057 2077 

CMCC-CM_r1i1p1 2032 2049 * * 2028 2040 2060 2078 

CMCC-CMS_r1i1p1 2034 2052 * * 2029 2040 2060 2077 

CNRM-CM5_r1i1p1 2035 2056 * * 2029 2043 2066 * 

CSIRO-Mk3-6-0_r1i1p1 2034 2047 * * 2032 2044 2064 2082 

EC-EARTH_r12i1p1 2023 2044 * * 2020 2036 2059 2081 

FGOALS-g2_r1i1p1 2038 * * * 2030 2046 2074 * 

FIO-ESM_r1i1p1 2033 * * * 2026 2042 2067 * 

GFDL-CM3_r1i1p1 2024 2038 2083 * 2024 2036 2055 2071 

GFDL-ESM2G_r1i1p1 2053 * * * 2037 2054 2080 * 

GFDL-ESM2M_r1i1p1 2044 * * * 2034 2051 2080 * 

GISS-E2-H-CC_r1i1p1 2018 2044 * * N/A N/A N/A N/A 

GISS-E2-H_r1i1p1 2022 2049 * * 2020 2036 2066 * 

GISS-E2-H_r1i1p2 2028 2055 * * 2025 2041 2069 * 

GISS-E2-H_r1i1p3 2022 2043 * * 2019 2034 2059 * 

GISS-E2-R-CC_r1i1p1 2037 * * * N/A N/A N/A N/A 

GISS-E2-R_r1i1p1 2043 * * * 2033 2051 * * 

GISS-E2-R_r1i1p2 2050 * * * 2037 2053 * * 

GISS-E2-R_r1i1p3 2033 2056 * * 2027 2043 2069 * 

HadGEM2-AO_r1i1p1 2027 2045 * * 2034 2045 2062 2079 

HadGEM2-CC_r1i1p1 2037 2055 * * 2028 2040 2057 2074 

HadGEM2-ES_r2i1p1 2029 2043 * * 2025 2037 2055 2071 

inmcm4_r1i1p1 2061 * * * 2043 2058 2084 * 

IPSL-CM5A-LR_r1i1p1 2014 2031 2074 * 2011 2027 2048 2066 

IPSL-CM5A-MR_r1i1p1 2016 2035 2080 * 2016 2030 2050 2067 

IPSL-CM5B-LR_r1i1p1 2026 2049 * * 2022 2037 2062 * 

MIROC5_r1i1p1 2040 2072 * * 2033 2048 2071 * 

MIROC-ESM-CHEM_r1i1p1 2021 2035 2070 * 2018 2030 2050 2066 

MIROC-ESM_r1i1p1 2020 2034 2071 * 2020 2030 2052 2069 

MPI-ESM-LR_r1i1p1 2020 2043 * * 2018 2035 2060 2080 

MPI-ESM-MR_r1i1p1 2025 2047 * * 2021 2038 2061 2082 

MRI-CGCM3_r1i1p1 2055 * * * 2040 2052 2075 * 

NorESM1-ME_r1i1p1 2039 2065 * * 2032 2046 2069 * 

NorESM1-M_r1i1p1 2041 2076 * * 2033 2048 2073 * 

 4 
[END Table Atlas.1: HERE] 5 
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Climate information at many temporal scales and over a wide range of temporal averaging periods is 1 
required for the assessment of climate change and its implications. These range from annual to multi-decadal 2 
averages required to characterise low-frequency variability and trends in climate to hourly or instantaneous 3 
maximum or minimum values of impactful climate variables. In between, information on seasonal averages 4 
of rainfall for example is important to define averaging periods whose relevance are geographically-5 
dependent. As a result, the Atlas presents results over a wide range of timescales and averaging periods with 6 
the Interactive Atlas allowing a choice of user-defined seasons and a range of predefined daily to multi-day 7 
climate indices. 8 
 9 
 10 
Atlas.2.2 Spatial domains and scales of analysis 11 
 12 
Many factors influence the spatial domains and scales over which climate information can be reliably 13 
generated and is required. Despite all efforts in researching, analysing and understanding climate change, a 14 
key factor in the spatial scales at which analysis can be undertaken is directly related to the availability and 15 
reliability of data, both observational and from model simulations. In addition, information is required over a 16 
wide range of spatial domains defined either from a climatological or geographical perspective (e.g., a region 17 
affected by monsoon rainfall or a river basin) or from a socio-economic or political perspective (e.g., least-18 
developed countries or nation states). Chapter 1 provides an overview of these topics (see Section 1.5.2). 19 
This subsection discusses some relevant issues, summarizes recent advances in defining domains and spatial 20 
scales used by AR6 analyses and how these can be explored with the Interactive Atlas. 21 
 22 
Recent IPCC reports – AR5 Chapter 14 (IPCC, 2013b) and SR1.5 Chapter 3 (IPCC, 2018a) – have 23 
summarized information on projected future climate changes over subcontinental regions defined in the 24 
IPCC SREX report and later extended in the AR5 from the 26 regions in SREX to include the polar, 25 
Caribbean, two Indian Ocean, and three Pacific Ocean regions (hereafter known as the AR5 WGI reference 26 
regions) (Figure Atlas.2:a). In recent literature, new subregions have been used, for example for North and 27 
South America, Africa and Central America, together with the new definition of reference oceanic regions 28 
(Iturbide et al., submitted). As a result, an updated version of the reference regions has been considered for 29 
AR6 (hereafter known as AR6 WGI reference regions) and is shown in Figure Atlas.2:b. The goal of these 30 
subsequent revisions was to improve the climatic consistency of the regions so they represented sub-31 
continental areas of greater climatic coherency. 32 
 33 
 34 
[START Figure Atlas.2: HERE] 35 
 36 
Figure Atlas.2: Reference AR5 (a) and AR6 (b) WGI regions (Iturbide et al., submitted). The latter includes both land 37 

and ocean regions and it is used as the standard for the regional analysis of atmospheric variables in 38 
the Atlas Chapter and Interactive Atlas. The definition of the regions and companion notebooks and 39 
scripts are available at the ATLAS GitHub (reference-regions section) (Atlas GitHub, 2020). 40 

 41 
[END Figure Atlas.2: HERE] 42 
 43 
 44 
The rationale followed in Iturbide et al. (submitted) for the definition of the reference regions was guided by 45 
two basic principles: 1) climatic consistency and better representation of regional climate features and 2) 46 
representativeness of model results (i.e., sufficient number of model grid boxes). The finer resolution of 47 
CMIP6 models (as compared to CMIP5) yields better model representation of the reference regions allowing 48 
them to be revised for better climatic consistency (e.g., dividing heterogeneous regions) while preserving the 49 
model representation. Figure Atlas.3: illustrates this issue displaying the number of (land) grid boxes in each 50 
of the AR6 and AR5 reference regions for two reference grid horizontal resolutions of 1° and 2°, 51 
representative of the typical resolution of CMIP6 and CMIP5 models, respectively. This figure shows that 52 
the new reference regions are better suited for the assessment of model results due to the improvement in 53 
model resolution, with a minimum model coverage for the New Zealand (NZ), the Caribbean (CAR) and 54 
Southern South America (SSA) regions with only 20-40 land grid boxes. 55 
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[START Figure Atlas.3: HERE] 1 
 2 

Figure Atlas.3: Number of land grid boxes (blue number) for the (a) AR6 and (b) AR5 reference regions for the 3 
representative grid-boxes of the CMIP6 (1° horizontal resolution) and CMIP5 (2° horizontal 4 
resolution) model outputs. Colour shading indicate regions with fewer than 250 grid-boxes (darkest 5 
shading if fewer than 20 grid-boxes). The polygons in the figures show the climate reference regions 6 
shown in Figure Atlas.2:; adapted from Iturbide et al. (submitted). This figure can be reproduced from 7 
the ATLAS GitHub (reference regions and grids sections) (Atlas GitHub, 2020).  8 

 9 
[END Figure Atlas.3: HERE] 10 
 11 
 12 
AR6 WGI (land and open ocean) reference regions are used in the Interactive Atlas as the default 13 
regionalization for atmospheric variables. However, these regions are not optimum for the analysis of 14 
oceanic variables since, for instance, the five upwelling regions (Canary, California, Peru, Benguela and 15 
Somali) are mostly included in ‘land’ boxes. Therefore, the alternative set of oceanic regions defined by their 16 
biological activity (Figure Atlas.4:) is used in the Interactive Atlas for the regional analysis of oceanic 17 
variables.  18 
 19 
 20 
[START Figure Atlas.4: HERE] 21 
 22 
Figure Atlas.4: Ten oceanic regions defined by their biological activity used for the regional analysis of oceanic 23 

variables in the Interactive Atlas. 24 
 25 
[END Figure Atlas.4: HERE] 26 
 27 
 28 
However, due to the many potential definitions of the regions relevant for WGI and WGII, it is important to 29 
keep some flexibility in the definition of regions in the Interactive Atlas, so new regions (e.g., typological 30 
domains) could be added. However, the Atlas should be a useful instrument for AR6, and not necessarily 31 
cover all particular regions relevant to specific chapters. 32 
 33 
 34 
Atlas.2.3 Typological domains 35 
 36 
In addition to contiguous spatial domains discussed in the previous subsection, some domains are defined by 37 
specific climatological, geographical, ecological or socio-economic regions where climate is an important 38 
determinant or influencer. The domain will be subject to particular physical processes that are important for 39 
its climatology or that involve systems affected by the climate in a way that observations and climate model 40 
simulations can be used to understand. Many of these are the basis of the cross-chapter working papers of the 41 
AR6 WGII report, namely biodiversity hotspots, tropical forests, cities, coastal settlements, deserts and semi-42 
arid areas, the Mediterranean, mountains and polar regions. It is therefore important to generate climate 43 
information relevant to these typological domains and some examples of this are provided in Section 44 
Atlas.5.10 and expanded upon in the Interactive Atlas. Figure Atlas.5: shows an example of typological 45 
domains (monsoon regions) that can be used in the Interactive Atlas.  46 
 47 
 48 
[START Figure Atlas.5: HERE] 49 

 50 
Figure Atlas.5: Land monsoon regions of North America (NAM), South America (SAM), Africa (WAM), Asia 51 

(SASM and EAM) and Australasia (AUSMC). These regions can be used alternatively to the 52 
reference regions for the regional analysis of atmospheric variables in the Interactive Atlas. 53 

 54 
[END Figure Atlas.5: HERE] 55 
 56 
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Atlas.2.4 Higher resolution reference regions 1 
 2 
Besides the definition of generic reference/typological regions, further regionalisations have been used by 3 
the regional modelling communities. They can provide further insight compared to using the subcontinental 4 
reference regions, for example being relevant for model evaluation purposes and to developing climate 5 
information relevant to the AR6 WGII and III reports.  6 
 7 
As an illustrative example, CORDEX simulation results are validated for the Southeast Asia region (treated 8 
as a single AR6 WGI reference region) and for the subregions shown in Figure Atlas.6: (Cruz and Sasaki, 9 
2017; Juneng et al., 2016; Ngo-Duc et al., 2017). These subregions are based on the historical behaviour of 10 
rainfall identified by previous studies of the Southeast Asia region. For example, there are two subregions 11 
over the Philippines, based on two dominant climate types strongly influenced by the synoptic-scale 12 
southwest and northeast monsoon systems (Manzanas et al., 2015). Over Vietnam, there is a north-south 13 
division of subregions as rainfall is highest in the north during summer but peaks in the south in winter. 14 
More information about the climatic subregions in Southeast Asia can be found in Juneng et al. (2016).  15 
 16 
 17 
[START Figure Atlas.6: HERE] 18 
 19 
Figure Atlas.6: CORDEX-SEA subregions based on historical rainfall climatology and variability (Juneng et al., 20 

2016). 21 
 22 
[END Figure Atlas.6: HERE] 23 
 24 
 25 
Atlas.3 Combining multiple sources of information for regions 26 
 27 
This section introduces the observational data sources and reanalyses that are used in the assessment of 28 
regional climate change and for evaluating and bias adjusting the results of models (more information on 29 
observational reference datasets in Annex I). Also, it introduces the different global and regional climate 30 
model output that are used for regional climate assessment considering both historical and future climate 31 
projections (see Annex III). Many of these models are run as part of coordinated Model Intercomparison 32 
Projects (MIPs), including the global Coupled Model Intercomparison Projects (CMIP5 and CMIP6) and the 33 
COordinated Regional Downscaling EXperiment (CORDEX), which are also described below. Combining 34 
information from these multiple data sources is a significant challenge (see Chapter 10 for an in-depth 35 
treatment of the problem) though if clear messages on regional climate change can be generated then they 36 
can be used to guide policy and support decisions responding to these changes. An important and necessary 37 
part of this process is to check for consistency amongst the data sources which is discussed in the final 38 
section.  39 
 40 
 41 
Atlas.3.1 Observations 42 
 43 
There are various sources of observational information available with disparity, inadequacy and 44 
contradictions in these as well as applications of observations being assessed in Chapter 10. Observational 45 
uncertainty is a key factor when assessing and attributing historical trends, so assessment should build on 46 
integrated analysis from different datasets. The Atlas can supplement and complement Chapter 10 by 47 
providing the opportunity to visualise and expand on its assessment. This includes displaying maps of 48 
density of stations observations (including those that are used in the different datasets) and assessing 49 
observational uncertainty by using multiple datasets and applying the concept of model (observational 50 
references in this case) agreement. 51 
 52 
Two of the most commonly used variables in climate studies are gridded monthly surface air temperature 53 
and precipitation. There are many datasets available, commonly used ones including the Climatic Research 54 
Unit CRU TS4.0 (version 4.03 used here; Harris et al., 2014), the Berkeley surface temperature dataset 55 
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(BEST, Rohde et al., 2013, here referred to as BERKELEY), and EWEMBI (Lange, 2019) for temperature 1 
and CRU TS4.0, the Global Precipitation Climatology Centre (GPCC, v2018 used here; Schneider et al., 2 
2011), and Global Precipitation Climatology Project (GPCP; monthly version 2.3 used here; Huffman et al., 3 
2009). Although the ultimate source of these datasets is surface station reported values (GPCP and EWEMBI 4 
also include satellite and reanalysis information, respectively), each has access to different numbers of 5 
stations and lengths of records and employs different ways of creating the gridded product and ensuring 6 
quality control.  7 
 8 
The most widely used SST datasets are HadSST3 (Kennedy et al., 2011b, 2011a), ERSST (Huang et al., 9 
2017a), and KaplanSST (Kaplan et al., 1998). The largest difference among the three datasets lie in how 10 
inconsistency in number of observations during early and recent years is treated.  11 
 12 
For example, Figure Atlas.7: shows the spatial coverage of the total number of observation stations for, 13 
respectively, 1901–1910, 1971–1980, and 2001–2010 and illustrates spatially the declining trend of 14 
observation station data used in the precipitation dataset for certain regions (South America, Africa) after the 15 
1990s in the CRU TS4.0 dataset (left) and the SST data in the HadSST3 (right). This demonstrates the 16 
regional inhomogeneity and temporal change in station density. During early years a limited number of 17 
observations are available.  18 
 19 
 20 
[START Figure Atlas.7: HERE] 21 

 22 
Figure Atlas.7: Left: Number of stations per 0.5 x 0.5 grid cell reported over the period of 1901–1910, 1971–1980, 23 

and 2001–2010 (top 1-3) and global total number of stations reported over the entire globe for 24 
precipitation for CRU TS4.0 dataset (bottom). Right: same as left except the HadSST3 dataset.  25 

 26 
[END Figure Atlas.7: HERE] 27 
 28 
 29 
In addition to surface observation, satellites have been widely used to produce rainfall estimates. The 30 
advantage of satellite-based rainfall products is their globally uniform coverage including remote areas. 31 
However, there have been reported inconsistencies among different satellite-based rainfall products over 32 
complex terrain (Rahmawati and Lubczynski, 2018; Satgé et al., 2019). Another recent development has 33 
been on gridded dataset for climate extremes based on surface stations.   34 
 35 
 36 
Atlas.3.1.1 Consistency and differences in observational data 37 
 38 
There are some recent studies assessing observational datasets globally (Beck et al., 2017; Sun et al., 2018b) 39 
that report large differences among them. Regional studies have also been undertaken on comparing and 40 
assessing observational datasets with similar results (Manzanas et al., 2014; Salio et al., 2015; Prakash, 41 
2019), thus stressing the importance of considering observational uncertainty in regional climate assessment 42 
studies. For example, Indasi (2019) assessed rainfall characteristics of ten gridded precipitation datasets over 43 
Southern Africa (Table Atlas.2:). They demonstrated that those sharing similar source data displayed similar 44 
rainfall characteristics while station-based datasets showed the least similarities. No single dataset was found 45 
to capture the rainfall characteristics across the entire Southern Africa region, and each performed better or 46 
worse depending on location. They also noted the decline in the number of stations available, mainly due to 47 
insufficient resources but also a tendency by country meteorological services to restrict free access, 48 
increasing relevance of satellite data and significant relationships between some of the datasets (Figure 49 
Atlas.8:). Another important aspect is that many stations do not report to the WMO networks, with their data 50 
being kept domestically or regionally, which has made regional datasets become more important in the 51 
recent years. 52 
 53 
 54 
 55 
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[START Table Atlas.2: HERE] 1 
 2 
Table Atlas.2: Gridded precipitation datasets assessed in Indasi (2019) over South Africa, indicating the different 3 

data sources used in each case. 4 
Dataset GHCN 

stations 
WMO GTS 
stations 

FAO 
station 
data 

Other 
station 
data 

CFS NCEP/ 
NCAR 
Reanalysis 

ERA-
Interim 

TRMM Thermal IR 
satellite 

CRU X X  X      

GPCC X X X X      

UDEL X   X      

ARC  X       X 

CHIRP     X   X X 

CHIRPS  X  X X   X X 

CMAP X X X X  X   X 

GPCP X X X X     X 

WFDEI_CRU X X  X   X   

WFDEI_GPCC X X X X   X   

 5 
[END Table Atlas.2: HERE] 6 
 7 
 8 
[START Figure Atlas.8: HERE] 9 

 10 
Figure Atlas.8: Relationship between gridded precipitation dataset and three classes of input data; station, satellite and 11 

reanalysis. Input datasets are shown in green, blue shows gridded datasets that are used as input to 12 
others shown in orange. (Indasi, 2019) 13 

 14 
[END Figure Atlas.8: HERE] 15 
 16 
 17 
Uncertainty in observations is a key limitation for the evaluation of climate models over most regions. This 18 
is highlighted in various other chapters and the Atlas expands on the treatment of this, complementing the 19 
discussions on discrepancies/conflicts in observations presented in Chapter 10 and expanding on and 20 
replicating their results for other regions. For example, Sylla et al. (2013) assessed uncertainties in climate 21 
observation products by intercomparing three gridded observed daily rainfall datasets over Africa – FEWS 22 
(Famine Early Warning System), GPCP and TRMM (Tropical Rainfall Measuring Mission). Different 23 
observation products were shown to exhibit differences in mean rainfall, higher order daily precipitation 24 
statistics, such as frequency of wet days, precipitation intensity and extremes as well as maximum length of 25 
wet and dry spells. FEWS showed mostly higher frequency and lower intensity events than TRMM and 26 
GPCP. Figure Atlas.9: shows a sample figure from Juneng et al., (2016) on the differences in precipitation 27 
values in the observation data in Southeast Asia. Figure Atlas.10: replicates this for Africa. 28 
 29 
 30 
[START Figure Atlas.9: HERE] 31 
 32 
Figure Atlas.9: Differences in precipitation values in the different observation datasets in Southeast Asia (from 33 

Juneng et al., 2016). 34 
 35 
[END Figure Atlas.9: HERE] 36 
 37 
 38 
[START Figure Atlas.10: HERE] 39 
 40 
Figure Atlas.10: Similar to Figure Atlas.9: but for Africa. 41 
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 1 
[END Figure Atlas.10: HERE] 2 
 3 
 4 
Atlas.3.2 Reanalysis 5 
 6 
There are currently many atmospheric reanalysis datasets with different spatial resolution and assimilation 7 
algorithms (see Annex I, Observations). There are also substantial differences among those datasets and the 8 
Atlas will show and intercompare those that are used in the report. These differences are due to the types of 9 
observations assimilated into these reanalyses, the assimilation techniques that are used, and the resolution of 10 
the outputs amongst other reasons. For example, 20CR only assimilates surface pressure and sea surface 11 
temperature to achieve the longest record but at relatively low resolution, while ERA20C only surface 12 
pressure and surface marine winds. At the other extreme, very sophisticated assimilation systems using 13 
multiple surface, upper air and earth observation data sources are employed, e.g. for ERA5, ERA-Interim 14 
and JRA-55, which also have much higher resolutions. Most of reanalysis dataset covers the entire globe. 15 
However, there are also high-resolution regional reanalysis datasets (see, e.g. Section Atlas.5.6.2 for the case 16 
of Europe). 17 
 18 
 19 
Atlas.3.3 Global model data (CMIP5 and CMIP6) 20 
 21 
The Atlas (and the Interactive Atlas) uses global model simulations from both CMIP5 (full AR5 dataset 22 
curated by the IPCC Data Distribution Centre) and CMIP6 (the latter only partially since this dataset is not 23 
entirely available yet). This facilitates comparison of the assessments from two IPCC cycles and thus the 24 
detection of new features and findings coming from recent science and the latest CMIP6 ensemble. The 25 
selection of the models is based on availability of scenario data for the variables of interest (see Table 26 
Atlas.3:); in particular, in order to avoid unbalanced results and to harmonize the results obtained from the 27 
different scenarios as much as possible, we chose only models providing data for the historical scenario and 28 
at least two emission scenarios: RCP2.6 (SSP1-2.6), RCP4.5 (SSP2-4.5) and/or RCP8.5 (SSP5-8.5).  29 
 30 
Building on this information, the Interactive Atlas displays a number of (mean and extreme) indices and 31 
climate impact drivers considering both atmospheric and oceanic variables (see Section Atlas.7). Some of 32 
these indices have been selected in coordination with Chapters 11 and 12, in order to support and extend the 33 
assessment performed in these Chapters (see Annex VII Hazards and Extreme Indices for details on the 34 
indices).  35 
 36 
 37 
[START Table Atlas.3: HERE] 38 
 39 
Table Atlas.3: CMIP5 (left) and CMIP6 (right) models used in the Atlas (and also in the Interactive Atlas) for the 40 

historical scenario and the RCP2.6 (SSP1-2.6), RCP4.5 (SSP2-4.5) and RCP8.5 (SSP5-8.5) 41 
emissions-driven future projections; the full inventory of models for different scenarios and variables 42 
is given in the Atlas GitHub repository (AtlasHub-inventory section) (Atlas GitHub, 2020). The 43 
variables analysed are both atmospheric – mean (tas, in ºC), maximum (tx, in ºC) and minimum (tn, in 44 
ºC) temperatures, precipitation (pr, in mm day−1) – and oceanic – sea surface temperature (tos, ºC), pH 45 
(PH) and oxygen (O2, in mol m3) – variables. Salient features of these models are described in IPCC 46 
AR5 Appendix 9.A (model names are taken from Table 9.A.1) and in Annex III. Columns lon and lat 47 
indicate the horizontal longitude and latitude effective resolutions of each model (in º). 48 

 49 
# CMIP5 Model lon lat  CMIP6 Model lon lat 

1 ACCESS1-0 1.88 1.25  CNRM-CERFACS_CNRM-ESM2-1 1.41 1.39 

2 ACCESS1-3 1.88 1.25  EC-Earth-Consortium_EC-Earth3-Veg 0.70 0.70 

3 bcc-csm1-1 2.81 2.77  BCC_BCC-CSM2-MR 1.13 1.11 

4 bcc-csm1-1-m 1.13 1.11  AWI_AWI-CM-1-1-MR 0.94 0.93 
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5 BNU-ESM 2.81 2.77  NASA-GISS_GISS-E2-1-G 2.50 2.00 

6 CanESM2 2.81 2.77  BCC_BCC-ESM1 2.81 2.77 

7 CCSM4 1.25 0.94  CCCma_CanESM5 2.81 2.77 

8 CESM1-BGC 1.25 0.94  NCAR_CESM2-WACCM 1.25 0.94 

9 CMCC-CESM 3.75 3.68  NCAR_CESM2 1.25 0.94 

10 CMCC-CM 0.75 0.74  CNRM-CERFACS_CNRM-CM6-1 1.41 1.39 

12 CNRM-CM5 1.41 1.39  NOAA-GFDL_GFDL-CM4 1.25 1.00 

13 CSIRO-Mk3-6-0 1.88 1.85  NCC_NorESM2-LM 2.50 1.89 

14 EC-EARTH 1.13 1.11  MOHC_HadGEM3-GC31-LL 1.88 1.25 

15 FGOALS-g2 2.81 6.13  IPSL_IPSL-CM6A-LR 2.50 1.27 

16 GFDL-CM3 2.50 2.00  MRI_MRI-ESM2-0 1.13 1.11 

17 GFDL-ESM2G 2.50 1.52  NUIST_NESM3 1.88 1.85 

18 GFDL-ESM2M 2.50 1.52  MOHC_UKESM1-0-LL 1.88 1.25 

19 HadGEM2-CC 1.88 1.25  SNU_SAM0-UNICON 1.25 0.94 

20 HadGEM2-ES 1.88 1.25  

  
  
  
  
  
  
  
  
  
  
  

  

21 inmcm4 2.00 1.50  
22 IPSL-CM5A-LR 3.75 1.89  
23 IPSL-CM5A-MR 2.50 1.27  
24 IPSL-CM5B-LR 3.75 1.89  
25 MIROC-ESM 2.81 2.77  
26 MIROC-ESM-CHEM 2.81 2.77  
27 MIROC5 1.41 1.39  
28 MPI-ESM-LR 1.88 1.85  
29 MPI-ESM-MR 1.88 1.85 

30 MRI-CGCM3 1.13 1.11 

31 NorESM1-M 2.50 1.89 

 1 
[END Table Atlas.3: HERE] 2 
 3 
 4 
The Atlas also aims to cover as much information on regional climate changes as possible, so information 5 
from the existing CMIP5 as well as the CMIP6 datasets is supplemented with downscaled regional climate 6 
simulations from CORDEX. This facilitates an assessment of the effects from higher resolution including 7 
whether this modifies the projected climate change signals compared to global models and adds any value, 8 
especially in terms of high-resolution features and extremes. 9 
 10 
 11 
Atlas.3.4 Regional model data (CORDEX) 12 
 13 
Global model data, as generated by the CMIP ensembles, are available everywhere, but their spatial 14 
resolution is limited for reproducing certain processes and phenomena relevant for regional analysis (around 15 
2º and 1º for CMIP5 and CMIP6, respectively). The Coordinated Regional Climate Downscaling Experiment 16 
– CORDEX (Gutowski et al., 2016) – coordinates regional downscaling experiments worldwide over a 17 
number of domains as represented in Figure Atlas.11: (more details are provided in Annex III; Table AIII.1) 18 
with a typical resolution of 0.44º (but also at 0.22º and 0.11º over particular regions, such as Europe). 19 
However, in some domains only a few simulations are available and in others it is not easy to access data 20 
(see the list of contributing models in Table AIII.2 and the data inventory in Table AIII.3). This limits the 21 
level of analysis and assessment that can be done using CORDEX data in some regions. Moreover, there are 22 
regions where several domains overlap, e.g. the Mediterranean or Central Asia, thus providing alternative 23 
lines of evidence which may lead to conflicting messages. There is still limited guidance on the synthesis and 24 
use of this information for scientifically rigorous analysis and generation of reliable climate information for 25 
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stakeholder use, but some studies have recently proposed the use of multi-domain grand ensembles to work 1 
globally with CORDEX data (Spinoni et al., 2019; Legasa et al., submitted). Ongoing efforts, such as the 2 
multi-domain CORDEX CORE simulations (Gutowski et al., 2016), are promoting more homogeneous 3 
coverage thus allowing more systematic treatment of CORDEX domains (see BOX ATLAS.1:).  4 
 5 
 6 
[START Figure Atlas.11: HERE] 7 
 8 
Figure Atlas.11: CORDEX domains and the topography corresponding to 0.44º resolution.  9 
 10 
[END Figure Atlas.11: HERE] 11 
 12 
 13 
A lot of progress has been made in the different CORDEX domains since AR5 to produce and make 14 
available downscaled climate information for evaluation (driven by ERA-Interim) and historical and future 15 
climate scenarios (under a range of future emissions, i.e. RCP2.6, RCP4.5 and RCP8.5). As a result, datasets 16 
obtained with ensembles of RCMs are now available on the Earth System Grid Federation (ESGF), for most 17 
of the domains (see Annex III; Tables AIII.2 and AIII.3) and for CORDEX CORE, and more information is 18 
expected to be available in the coming months.  19 
 20 
Data available at ESGF (as of 30 September 2019) from both the individual CORDEX domains and from 21 
CORDEX CORE have been used to define the CORDEX regional datasets used in the Atlas (and included in 22 
the Interactive Atlas) starting with a number of domains where data was readily available: North and South 23 
America, Europe, Africa, South Asia and Antarctica (all domains with sufficient data available by the cut-off 24 
date will be included in the final version). In particular, in order to harmonize the information across 25 
domains and to maximize the size of the resulting ensembles, all the available simulations for each 26 
individual CORDEX domain (including the available 0.22º CORDEX CORE simulations) were interpolated 27 
to a common regular 0.5º resolution grid to provide a grand ensemble covering the historical and future 28 
emission RCP2.6, RCP4.5 and RCP8.5 scenarios, and also the reanalysis-driven simulations for evaluation 29 
purposes. As an example, Table Atlas.4: shows the simulations available for the South Asia domain, 30 
including the reanalysis-driven simulations (used for validation purposes) and the GCM-driven simulations 31 
under different scenarios, with a total of 12 different GCMs and 6 RCMs; the full inventory of models for 32 
different scenarios and variables for the different domains is given in the Atlas GitHub repository (AtlasHub-33 
inventory section) (Atlas GitHub, 2020). 34 
 35 
 36 
[START Table Atlas.4: HERE] 37 
 38 
Table Atlas.4: GCM/RCM simulations (12/6 different models) available for the South Asia domain (from the WAS-39 

44 and WAS-22 CORDEX domains) for the historical and RCP2.6, RCP4.5 and RCP8.5 scenarios (as 40 
from ESGF at September 2019). The six first rows show the reanalysis driven simulations, used for 41 
validation purposes. For details on the GCMs see Table Atlas.3: for details on the RCMs see Annex 42 
III models; Table AIII.2). The table is sorted by GCMs (greying repetitions to ease identification). 43 

 44 
Domain GCM_run RCM_version 
 WAS44 ECMWF-ERAINT (evaluation) RegCM4-4_v5 
 WAS44 ECMWF-ERAINT (evaluation) HadRM3P_v1 
 WAS44 ECMWF-ERAINT (evaluation) RCA4_v2 
 WAS22 ECMWF-ERAINT (evaluation) COSMO-crCLIM-v1-1_v1 
 WAS22 ECMWF-ERAINT (evaluation) REMO2015_v1 
 WAS22 ECMWF-ERAINT (evaluation) RegCM4-7_v0 
 WAS44 CCCma-CanESM2_r1i1p1 RegCM4-4_v5 
 WAS44 CCCma-CanESM2_r1i1p1 RCA4_v2 
 WAS44 CNRM-CERFACS-CNRM-CM5_r1i1p1 RegCM4-4_v5 
 WAS44 CNRM-CERFACS-CNRM-CM5_r1i1p1 RCA4_v2 
 WAS44 CSIRO-QCCCE-CSIRO-Mk3-6-0_r1i1p1 RegCM4-4_v5 
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 WAS44 CSIRO-QCCCE-CSIRO-Mk3-6-0_r1i1p1 RCA4_v2 
 WAS44 ICHEC-EC-EARTH_r12i1p1 RCA4_v2 
 WAS44 IPSL-IPSL-CM5A-LR_r1i1p1 RegCM4-4_v5 
 WAS44 IPSL-IPSL-CM5A-MR_r1i1p1 RCA4_v2 
 WAS44 MIROC-MIROC5_r1i1p1 RCA4_v2 
 WAS22 MIROC-MIROC5_r1i1p1 RegCM4-7_v0 
 WAS44 MOHC-HadGEM2-ES_r1i1p1 RCA4_v2 
 WAS22 MOHC-HadGEM2-ES_r1i1p1 REMO2015_v1 
 WAS44 MPI-M-MPI-ESM-LR_r1i1p1 REMO2009_v1 
 WAS44 MPI-M-MPI-ESM-LR_r1i1p1 RCA4_v2 
 WAS22 MPI-M-MPI-ESM-LR_r1i1p1 REMO2015_v1 
 WAS44 MPI-M-MPI-ESM-MR_r1i1p1 RegCM4-4_v5 
 WAS22 MPI-M-MPI-ESM-MR_r1i1p1 RegCM4-7_v0 
 WAS44 NCC-NorESM1-M_r1i1p1 RCA4_v2 
 WAS22 NCC-NorESM1-M_r1i1p1 REMO2015_v1 
 WAS22 NCC-NorESM1-M_r1i1p1 RegCM4-7_v0 
 WAS44 NOAA-GFDL-GFDL-ESM2M_r1i1p1 RegCM4-4_v5 
 WAS44 NOAA-GFDL-GFDL-ESM2M_r1i1p1 RCA4_v2 

 1 
[END Table Atlas.4: HERE] 2 
 3 
 4 
Section Atlas.5 assesses research on CORDEX simulations over different regions analysing past and present 5 
climate, as well as future climate projections. It also focuses on regional model validation in order to extend 6 
and complement the validation of global models done in Chapter 3, taking into account the specificity of 7 
regional climate models. Besides the literature assessment, comprehensive validation information for the 8 
available simulations across the different CORDEX domains is computed using the VALUE validation 9 
framework for downscaling methods assessed in Chapter 10 (Section 10.3.3) (Maraun et al., 2015). The goal 10 
is to provide some basic validation results for the CORDEX models, in particular on the biases for different 11 
validation indices, characterizing different aspects (temporal structure, extremes, etc.). The diagnostic 12 
indices and measures used are those proposed in the synthesis paper (Maraun et al., 2018), which are shown 13 
in Table Atlas.5:.  14 
 15 
 16 
[START Table Atlas.5: HERE] 17 
 18 
Table Atlas.5: Diagnostic indices considered for the evaluation of CORDEX data (see Maraun et al., 2018). Relative 19 

biases (%) are used as performance measure for all indices. 20 
Code Index/Diagnostic Description 

Mean Mean Mean precipitation 

R01 Wet day frequency Number of wet days (≥1mm)  

SDII Wet day intensity Mean on wet days only 

WWProb Wet–wet transition 
probability 

Probability of a wet day, given that the previous was wet 

DWProb Dry–wet transition 
probability 

Probability of a wet day, given that the previous was dry 

WetMaxSp Longest wet spell Median of the annual max. wet (≥1 mm) spell duration 

DryMaxSp Longest dry spell Median of the annual max. dry (<1 mm) spell duration 

AnnualCRA Relative amplitude of 
the annual cycle 

Difference between maximum and minimum value (30-day 
moving window over calendar days), relative to the mean 
of these two values. 

P98Wet 98th percentile of 
rainfall for wet days 

98th percentile of wet (≥ 1 mm) amounts 

P98WetAm Total precipitation over 
P98 

Accumulated rainfall from days above P98Wet  
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[END Table Atlas.5: HERE] 1 
 2 
 3 
Figure Atlas.12: shows the validation results for the European domain (only for precipitation) using 4 
EWEMBI (see Atlas.3.1) as the observational reference dataset. The validation indices are computed 5 
annually and seasonally (DJF and JJA), both for the RCMs and the driving GCMs, thus allowing to analyse 6 
the global and regional seasonal biases. Firstly, results are computed for the reanalysis-driven RCMs, in 7 
order to assess the intrinsic model errors (driven by “perfect” boundary conditions), and the results are 8 
displayed for each reference region indicating both the spatial mean and standard deviation. The latter is 9 
included to characterize the spatial homogeneity of the results and to inform of potential misleading spatial 10 
mean biases due to bias compensation. As shown in Figure Atlas.12: this is particularly relevant in the 11 
Mediterranean region. This same analysis is performed for the GCM-driven RCM simulations over the 12 
historical period (sorted by driving GCM). Overall, results are region dependent and RCMs tend to improve 13 
GCM biases particularly over NEU and CEU. 14 
 15 
These results will be reproduced for all the domains with the final CORDEX data sets defined after the cut-16 
off date.  17 
 18 
 19 
[START Figure Atlas.12: HERE] 20 
 21 
Figure Atlas.12: Evaluation (relative bias) of precipitation-based diagnostics shown separately for the three European 22 

subdomains NEU, CEU and MED for reanalysis- and historical GCM-driven RCM simulations 23 
showing annual and seasonal results (as shown in the legend). The colour matrices show the mean 24 
spatial biases of the different diagnostics (in rows) and columns are organized in blocks corresponding 25 
to each of the GCMs (blue labels, including ERA-Interim in first place slightly separated) together 26 
with their coupled RCMs (black labels). This allows to compare the bias of the RCM with that of the 27 
driving GCM. All diagnostic biases are relative with respect to the observational reference 28 
(EWEMBI).  29 

 30 
[END Figure Atlas.12: HERE] 31 
 32 
 33 
[START BOX ATLAS.1: HERE] 34 
 35 
 36 
BOX ATLAS.1: CORDEX-CORE 37 
 38 
The main objective of the CORDEX-CORE initiative is to provide a world-wide homogeneous foundation of 39 
high-resolution regional climate model projections to improve the understanding of local phenomena and to 40 
allow impact and adaptation research world-wide (Gutowski et al., 2016). The experimental framework was 41 
designed to produce homogeneous regional projections for most of the land regions and, therefore, it is 42 
requested that the contributing RCMs run projections over most CORDEX domains at 0.22° resolution 43 
driven by the same core set of GCMs for the two scenarios RCP2.6 and RCP8.5 (see Box Atlas.1, Figure 1:). 44 
Due to the computational requirements, three GCMs were selected to drive the simulations, covering the 45 
spread of high, medium, and low (HADGEM2ES, MPI-ESM, and NorESM, respectively) equilibrium 46 
climate sensitivity from the CMIP5 ensemble at a global scale (using MIROC5, EC-Earth, GFDL-ES2M as 47 
secondary GCMs). Two RCMs have contributed so far to this initiative (REMO and RegCM4) constituting 48 
an initial homogeneous downscaled ensemble to analyze mean climate change signals and hazards (Coppola 49 
et al., submittedb; Teichmann et al., submitted; see also Chapter 12), and there are ongoing efforts to extend 50 
the CORDEX-CORE ensemble with additional regional simulations (e.g. the COSMO-CLM community) to 51 
further increase the ensemble size and the representation of possible future climate change pathways. 52 
 53 
CORDEX-CORE spans the spread of the CMIP5 ensemble climate change signals for temperature and 54 
precipitation for most of the covered reference regions (Teichmann et al., submitted; see Box Atlas.1, Figure 55 
2). However, it is still a small ensemble and for other variables the coverage of the ensemble spread might be 56 
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different and would need to be assessed before further use of the CORDEX-CORE ensemble. 1 
 2 
 3 
[START BOX ATLAS.1, FIGURE 1 HERE] 4 
 5 
Box Atlas.1, Figure 1: Nine domains used for global coverage in CORDEX CORE; see Figure Atlas.11: for the full 6 

list of CORDEX domains (Teichmann et al., submitted).  7 
 8 
[END BOX ATLAS.1, FIGURE 1 HERE] 9 
 10 
 11 
[START BOX ATLAS.1, FIGURE 2 HERE] 12 
 13 
Box Atlas.1, Figure 2: Temperatures (left) and precipitation (right) climate change signals at the end of the century 14 

(2070-2099) for the entire CMIP5 ensemble (box-whisker plots) and the CORDEX-CORE 15 
driving GCMs of the respective CORDEX-CORE results in the SAS (South Asia) reference 16 
regions. The driving GCMs with low, medium and high equilibrium climate sensitivity are 17 
plotted as gray triangles pointing upwards, circle and triangle pointing downwards, respectively 18 
and the corresponding RCM results are drawn using the same symbols as before, but in orange 19 
for REMO and in blue for RegCM (Teichmann et al., submitted).  20 

 21 
[END BOX ATLAS.1, FIGURE 2 HERE] 22 
 23 
[END BOX ATLAS.1: HERE] 24 
 25 
 26 
Atlas.4 Global synthesis 27 
 28 
Most other chapters in WGI focus on past or future behaviour of the global climate system or specific 29 
components within it. Noting the overall WGI contribution aims to have wide-ranging application that 30 
frequently requires integration of information sources, this section combines findings from these other 31 
chapters (2–9) with a focus on messages that are relevant to WGII and WGIII contexts. It also provides a 32 
global overview assessment of findings from the CMIP5 and CMIP6 ensembles focusing on climate indices 33 
underpinning the regional assessments in Section Atlas.5 and the results displayed in the Interactive Atlas. 34 
Thus, its aim is not to provide information relevant to deriving messages about regional climate changes but 35 
to provide the global context for such messages derived later in the Atlas. The first subsection (Atlas.4.1) 36 
considers global atmospheric and land-surface results, with findings on the global oceans in the second 37 
(Atlas.4.2) and the third (Atlas.4.3) focusing on extreme events.  38 
 39 
 40 
Atlas.4.1 Global atmosphere and land surface 41 
 42 
The principal atmospheric quantities of interest for understanding how climate change may impact human 43 
and ecological systems, as well as being key global indicators of change, are surface air temperature and 44 
precipitation. They are therefore a significant focus of the regional climate assessments in Section Atlas.5 45 
and of the Interactive Atlas. Observed changes in these variables over land during the recent past (1980–46 
2014) are shown in Figure Atlas.13: using results from three global datasets for each variable to illustrate 47 
where the clearest messages can be found (Figure Atlas.14:) and to illustrate observational uncertainty. For 48 
temperature, a clear signal of warming is seen over most land areas with an amplification at high latitudes, 49 
though all continents apart from Europe also have regions where trends are not significant. Significant 50 
changes in annual mean precipitation are seen over much more limited areas though with consistent drying 51 
trends over parts of South and North America and the Middle East and wetting trends over some northern 52 
high latitude regions. The information conveyed in Figure Atlas.14: on both consensus in the signal of 53 
change and on observational uncertainty is used in this chapter as a line of evidence to assess historical 54 
observed trends.  55 
 56 
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[START Figure Atlas.13: HERE] 1 
 2 
Figure Atlas.13: Observed trends of annual mean surface air temperature (left-hand column) and precipitation (right-3 

hand column) – see Section Atlas.3 for details of the datasets. Observed linear trends are calculated 4 
for the common 1980–2014 period from three different datasets and are expressed as ºC per decade 5 
and relative change (with respect to the climatological value) per decade, respectively. Hatching 6 
indicates regions where trends are not significant (at a 0.1 significance level) and the black lines mark 7 
out the reference regions defined in Section Atlas.2. 8 

 9 
[END Figure Atlas.13: HERE] 10 
 11 
 12 
[START Figure Atlas.14: HERE] 13 
 14 
Figure Atlas.14: Consensus on the observed trends from the three observational datasets shown in Figure Atlas.13: 15 

(CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for precipitation). 16 
Hatching indicates regions where no or only one dataset provides a significant trend. Linear trends are 17 
calculated for the common 1980–2014 period and expressed in °C per decade (temperature) and % 18 
relative change per decade (precipitation) with respect to the climatological mean over this period. 19 

 20 
[END Figure Atlas.14: HERE] 21 
 22 
 23 
Projected changes in annual mean surface air temperature from the CMIP5/6 ensembles (Figure Atlas.15:) 24 
show similar patterns to the observed warming and a high level of consistency between the two ensembles in 25 
terms of the patterns and magnitude of change. However, for the long-term future, warming in the CMIP6 26 
ensemble is generally higher, reflecting the increase in the top end of the range of climate sensitivities 27 
amongst the CMIP6 GCMs.  28 
 29 
 30 
[START Figure Atlas.15: HERE] 31 
 32 
Figure Atlas.15: Future projected changes of annual mean surface air temperature in the CMIP5 (left-hand column) 33 

and CMIP6 (right-hand column) ensembles. Projected changes are calculated as the climatology 34 
differences for near-term (2021–2040), medium-term (2041–2060) and long-term (2081–2100) 35 
periods for the emissions scenario RCP8.5 (SSP5-8.5 for CMIP6) with respect to the historical (1986–36 
2005) period; values are expressed as ºC. Hatching indicates lack of model agreement (less than 80% 37 
of agreement; as defined in Nikulin et al., 2018) and the black lines mark out the reference regions 38 
defined in Section Atlas.2. Similar analysis for other indices and scenarios (including warming levels) 39 
are available at the Interactive Atlas (http://ipcc-atlas.ifca.es).  40 

 41 
[END Figure Atlas.15: HERE] 42 
 43 
 44 
As described earlier, information on projected future changes is required both at different time periods in the 45 
future under a range of emissions scenarios but also for different global warming levels. Figure Atlas.16: 46 
shows the global surface air temperature change projection calculated from the ensemble mean of nine 47 
CMIP5 models for the middle of the century under the RCP4.5 and RCP8.5 emissions scenarios compared to 48 
the end of the century warming under RCP8.5 and for a global mean warming levels of 2°C. 49 
 50 
 51 
[START Figure Atlas.16: HERE] 52 
 53 
Figure Atlas.16: Global temperature changes projected for mid-century (left-hand column) under RCP4.5 (top) and 54 

RCP8.5 (bottom) compared to, in the right column, a global mean warming level of 2°C (top) and at 55 
the end of the century under RCP8.5 emissions (bottom) from an ensemble of nine CMIP5 GCMs. 56 
Note that the future period warmings are calculated against a baseline period of 1986–2005 whereas 57 
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the global mean warming level is defined with respect to a ‘pre-industrial’ baseline of 1861–1890. 1 
Thus, the other three RCP-based maps would show greater warmings with respect to this earlier 2 
baseline. 3 

 4 
[END Figure Atlas.16: HERE] 5 
 6 
 7 
Figure Atlas.16: presents a mean projection from averaging the changes from nine CMIP5 models but it is 8 
also important to explore the full range of outcomes from the ensemble, for example when undertaking a 9 
comprehensive risk assessment in which temperature is an important hazard. This is displayed in Figure 10 
Atlas.17: for the global average surface air temperature increases projected by the models throughout the 11 
century under the RCP8.5 emissions scenario. Of course, information of this nature is also important 12 
regionally and this can be explored within the Interactive Atlas over the AR6 WG I reference regions defined 13 
by the polygons on the maps in Figure Atlas.16: (and described in Section Atlas.2). These regional results 14 
demonstrate how temperature is projected to increase for all regions, and at a greater rate than the global 15 
average over many land regions and the North Pole. 16 
 17 
 18 
[START Figure Atlas.17: HERE] 19 
 20 
Figure Atlas.17: Global average surface air temperature increases projected by nine CMIP5 models under the RCP8.5 21 

emissions scenario from 2005 to 2100 relative to a 1986–2005 baseline. 22 
 23 
[END Figure Atlas.17: HERE] 24 
 25 
 26 
Changes in annual mean precipitation present a more complex picture with regions of decrease as well as 27 
increase and areas where there is model disagreement on the sign of the change, even when the signal is 28 
strong in the long-term future period as shown in Figure Atlas.18:. However, as with the temperature 29 
changes, there is a high level of consistency in the patterns and magnitude of the precipitation changes, with 30 
changes in some areas being larger in the long-term future. 31 
 32 
 33 
[START Figure Atlas.18: HERE] 34 
 35 
Figure Atlas.18: Future projected changes of annual mean precipitation in the CMIP5 (left-hand column) and CMIP6 36 

(right-hand column) ensembles. Projected changes are calculated as the climatology differences for 37 
near-term (2021-2040), medium-term (2041-20160| and long-term (2081-2100) periods for the 38 
emissions scenario RCP8.5 (SSP5-8.5 for CMIP6) with respect to the historical period (1986-2005); 39 
values are expressed relative differences (%). Hatching indicates lack of model agreement (less than 40 
80% of agreement; as defined in Nikulin et al., 2018) and the black lines mark out the reference 41 
regions defined in Section Atlas.2. Similar analysis for other indices and scenarios (including 42 
warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 43 

 44 
[END Figure Atlas.18: HERE] 45 
 46 
 47 
Considering changes over land, Figure Atlas.18: also shows that at lower warming levels there are many 48 
regions, especially in the southern hemisphere, where there is no robust signal of change from the models. In 49 
particular this is shown in Figure Atlas.19: comparing projected changes at 2°C global mean warming 50 
relative to pre-industrial levels with those in the long-term period under RCP8.5 emissions compared to the 51 
recent past (displaying the ensemble mean changes corresponding to the right-hand panels of Figure 52 
Atlas.16:).  53 
 54 
 55 
 56 
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[START Figure Atlas.19: HERE] 1 
 2 
Figure Atlas.19: Global precipitation changes projected at 2°C global mean warming compared to pre-industrial levels 3 

(left) and for 2081–2100 under RCP8.5 emissions compared to the 1986–2005 period (right) from an 4 
ensemble of nine CMIP5 GCMs. Regions are stippled where less than six out of the nine models agree 5 
on the sign of the change (noting that this assessment does not take into account whether the 6 
individual models’ projected changes are significant). 7 

 8 
[END Figure Atlas.19: HERE] 9 
 10 
 11 
In addition to displaying results from global model ensembles as maps of projected changes and their 12 
robustness or as timeseries of the projected temporal evolution of the median and range of a climate statistic, 13 
it is often useful to generate area-averaged summaries of these statistics under different future emissions 14 
scenarios or at specific global warming levels. This is demonstrated in Figure Atlas.20: showing a range of 15 
projected changes compared to the recent historical baseline period of 1995-2014. The first four panels 16 
show: (a) the additional warming to reach global warming levels (with respect to the pre-industrial baseline 17 
period of 1851-1900) of 1.5°C and 2°C; and (b) the warming at three future time periods this century; both 18 
sets summarise projections from the CMIP5 and CMIP6 ensembles with the latter showing results under the 19 
RCP2.6/SSP1-2.6 and RCP8.5/SSP5-8.5 forcing scenarios. The last two panels summarise the previous box-20 
plots for the CMIP6 projections by plotting precipitation against temperature change at the different time 21 
periods, but also including an additional post-2050 period (2061-2080) and results from an additional forcing 22 
scenario, SSP2/RCP4.5. 23 
 24 
 25 
[START Figure Atlas.20: HERE] 26 
 27 
Figure Atlas.20: Changes in annual mean surface air temperature and precipitation averaged over global land (left) and 28 

the global oceans (right). The top two rows show the median (dots) and 10th–90th percentile range 29 
across each model ensemble for temperature and precipitation changes respectively, for two datasets 30 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 31 
represent the additional warming projected relative to the historical baseline period of 1995-2014 to 32 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six the projected 33 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–34 
2100) compared to this same historical baseline period.  35 
The bottom row shows scatter diagrams of temperature against precipitation changes, displaying the 36 
median (dots) and 10th–90th percentile ranges for four future periods (2021–2040, 2041–2060, 2061–37 
2080, 2081–2100) compared to the historical baseline period, as obtained from CMIP6 projections for 38 
three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes are absolute for temperature and relative 39 
for precipitation.  40 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 41 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 42 

 43 
[END Figure Atlas.20: HERE] 44 
 45 
 46 
Global warming leads to systematic changes in regional climate variability via various mechanisms such as 47 
thermodynamic responses via altered lapse rates (Kröner et al., 2017; Brogli et al., 2019) and land-48 
atmosphere feedbacks (Boé and Terray, 2014). These can modify temporal and spatial variability of 49 
temperature and precipitation, including an altered seasonal and diurnal cycle and return frequency of 50 
extremes. Regional influences from and feedbacks with sea surface, clouds, radiation and other processes 51 
also modulate the regional response to enhanced warming, both locally and, via teleconnections, remotely.  52 
Given their potential to influence extremes in both temperature, precipitation and other climatic impact 53 
drivers and hazards, and thus risks to human and ecological systems, it is important to understand these links 54 
for developing adaptations in response to clear anthropogenic influences on individual hazards. This will 55 
also support the related fields of disaster risk reduction and global sustainable development efforts as noted 56 
by Steptoe et al. (2018). They demonstrated that 15 regional hazards shared connections via the El Niño–57 
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Southern Oscillation, with the Indian Ocean Dipole, North Atlantic Oscillation and the Southern Annular 1 
Mode being secondary sources of significant regional interconnectivity (Figure Atlas.21:). Understanding 2 
these connections and quantifying the concurrence of resulting hazards can support adaptation planning as 3 
well as multi-hazard resilience and disaster risk reduction goals. 4 
 5 
 6 
[START Figure Atlas.21: HERE] 7 
 8 
Figure Atlas.21: Influence of major modes of variability on regional extreme events relevant to assessing multi-hazard 9 

resilience (Steptoe et al., 2018). Ribbon colours define the driver from which they originate and their 10 
width is proportional to the correlation. Hatching represent where there is conflicting evidence for a 11 
correlation or where the driver is not directly related to the hazard and dots represent drivers that have 12 
both a positive and negative correlation with the hazard. 13 

 14 
[END Figure Atlas.21: HERE] 15 
 16 
 17 
Atlas.4.2 Global oceans 18 
 19 
As with the atmosphere, there are several key ocean-related quantities which are relevant for understanding 20 
how climate change may impact human and ecological systems and/or key global indicators of change. 21 
These include ocean surface temperature and heat content, sea ice cover and thickness, and certain chemical 22 
properties such as ocean acidity and oxygen concentration. For example, there is growing awareness of the 23 
threat presented by ocean acidification to ecosystem services and its socio-economic consequences are 24 
becoming increasingly apparent and quantifiable (Hurd et al., 2018) and the IPCC Special Report on Global 25 
Warming of 1.5ºC (IPCC, 2018c) noted a significant impact of low levels of global warming on the state of 26 
the global oceanic ecosystems and food security. For instance, 70-90% of coral reefs are projected to decline 27 
at a warming level of 1.5º, with larger losses (>90%) at 2ºC (SR1.5). 28 
 29 
Thus, because of their importance to ocean ecosystems, the Interactive Atlas focuses on ocean temperature, 30 
pH and dissolved oxygen and projected changes in the subset of nine CMIP5 models used to establish a 31 
reference for the CMIP6 results. Figure Atlas.22: shows projected changes in these variables at the end of the 32 
century under RCP4.5 and RCP8.5 emissions, demonstrating the much larger changes seen with the higher 33 
emissions scenario. 34 
 35 
 36 
[START Figure Atlas.22: HERE] 37 
 38 
Figure Atlas.22: Projected changes in sea surface temperature (top), ocean pH (middle) and dissolved oxygen (bottom) 39 

for 2081–2100 under the RCP4.5 (left-hand column) and 8.5 (right-hand column) emissions compared 40 
to a 1986–2005 baseline period from an ensemble of nine CMIP5 GCMs. Regions are stippled where 41 
less than six out of the nine models do not agree on the sign of the change (noting that this assessment 42 
does not take into account whether the individual models’ projected changes are significant) 43 

 44 
[END Figure Atlas.22: HERE] 45 
 46 
 47 
Atlas.4.3 Extremes 48 
 49 
Many of the most severe impacts of climate are felt through extreme events and climate change has been 50 
demonstrated to increase either the frequency or intensity of many types of such hazardous events. Thus, the 51 
third important area of focus for this global synthesis section is on the implications of global warming for 52 
high-impact extreme climate events. This topic is a focus for Chapter 12 in its treatment of hazards relevant 53 
to risk assessment and Chapter 11 is devoted entirely to extreme events, so the results presented here are 54 
intended to complement these more in-depth treatments whilst providing context for the regional 55 
assessments presented in the following section (and expanded on in the Interactive Atlas) and synthesis 56 
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material relevant to the WGII assessment. 1 
 2 
As an example, Figure Atlas.23: shows the projected increase in the number of days in which maximum 3 
temperature exceeds a high absolute threshold of 35°C, a hazard relevant to risks to human well-being, as 4 
derived from the ensemble mean of nine CMIP5 GCMs. The two rows show results for 2046–2065 5 
compared to 1986–2005 under the RCP4.5 and 8.5 emissions scenarios respectively, with those in the left 6 
column derived from raw output from the models and those in the right when a bias adjustment has been 7 
applied to these model outputs. This figure demonstrates that significant increases are likely to occur in many 8 
areas of all inhabited continents.  9 
 10 
 11 
[START Figure Atlas.23: HERE] 12 
 13 
Figure Atlas.23: Projected changes in the number of days per year in which the maximum temperature exceeds 35°C 14 

from an ensemble of nine CMIP5 GCMs (the ensemble mean is considered in all cases). The 15 
top/bottom rows correspond to a future mid-term period 2046–2065 (compared to 1986–2005) under 16 
the RCP4.5/8.5 emissions scenarios respectively considering the raw model data (left-hand column) 17 
and bias adjusted (EQM method) data (right-hand column). Regions are stippled where less than six 18 
out of the nine models agree on the sign of the change (noting that this assessment does not take into 19 
account whether the individual models’ projected changes are significant). The Interactive Atlas 20 
shows the results for two alternative bias adjustment methods; see Annex VII for more details. 21 

 22 
[END Figure Atlas.23: HERE] 23 
 24 
 25 
The Interactive Atlas shows the results for two alternative bias adjustment methods (see Annex VII for more 26 
details). The reason for using bias adjustment for some of the results displayed in Figure Atlas.23: is that the 27 
historical simulations of the climate models used to generate these projected changes often validate poorly 28 
when compared with observations. If the mean of the distribution of daily maximum temperatures is shifted 29 
by a few °C then even if the shape of the distribution is well captured the frequency of exceedance of a high 30 
threshold event will be significantly biased. In order to correct results from the models for these biases and to 31 
provide a basis for a reasonable comparison between them, this issue is generally addressed by applying bias 32 
correction to the model data based on comparing distributions from the historical simulations with 33 
observations. As there are several approaches to bias adjustment and no clearly preferred method (see 34 
Chapter 10) the results in Figure Atlas.23: should be taken as indicative of the direction of change and of the 35 
relative impact of different future scenarios with low confidence in the absolute values. In order to provide an 36 
idea of the implications of using different bias adjustment approaches, the Interactive Atlas displays the 37 
results obtained for this index from raw and bias corrected model data, using two different bias adjustment 38 
techniques (see Annex VII).  39 
 40 
 41 
Atlas.5 Regional syntheses and case studies 42 
 43 
This section aims to synthesise information enabling an understanding of the climate change context across 44 
all land regions, documenting findings that are relevant to applications of regional information in WGII and 45 
III contexts. Its structure aligns most closely with that of the regional chapters and cross-chapter papers in 46 
the WG II report, with sections on Small Island States, the main continental and polar regions (subdivided 47 
where relevant) and case studies relevant to typological domains. It focuses on assessing observed, attributed 48 
and projected changes in mean surface air temperature and precipitation and the regional evaluation of global 49 
and regional models, drawing out and illustrating key findings which can be explored further in the 50 
Interactive Atlas. In particular, changes in mean and extreme temperatures and precipitation are displayed in 51 
the Interactive Atlas in terms of a number of illustrative indices (including some of the indices assessed in 52 
Chapter 12, thus supporting and extending the assessment performed in this chapter) and allowing for a 53 
regional analysis of the results. This also builds and expands on and complements the assessment of 54 
extremes in Chapter 11. The Interactive Atlas then presents the different regional information that has been 55 
assessed in these chapters and in the CORDEX and other region-specific literature assessed in the Atlas, 56 
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including different climate variables and indices as well as relevant climate processes. 1 
 2 
 3 
Atlas.5.1 Information sources for regional synthesis 4 
 5 
In the following regional sub-sections, the Atlas presents information on observations (station data, gridded 6 
data sets, reanalysis, and satellite-based) and observed trends, extremes and variability and also how they are 7 
applied in the literature in validating CORDEX output (drawing on the assessment of methodologies in 8 
Chapter 10, section 10.6). It also provides summary information on projections of mean climate change from 9 
the CMIP5, CMIP6 and CORDEX ensembles, synthesises regional information based on the assessments in 10 
Chapters 11 and 12 and provides some examples of attribution of regional climate changes. Datasets and 11 
issues related to availability and integrity of observational data are described in Section Atlas.3. 12 
 13 
For illustrative purposes and to provide a general climate change context for each region, in the following 14 
region by region synthesis sections, we include summary figures of observed trends and future projections of 15 
annually averaged surface air temperature and precipitation. Three observed datasets are used for each 16 
variable to illustrate where the clearest messages on changes in the recent past can be found and to illustrate 17 
observational uncertainty. Future projection information is taken from the CMIP5 and CMIP6 ensembles, 18 
illustrating ensemble mean changes and model agreement for mid- and end-of-century timescales compared 19 
to a recent past baseline. In many regional sections, results and figures from region-specific analyses are 20 
included for additional context. 21 
 22 
 23 
Atlas.5.2 Africa 24 
 25 
Regional executive summary 26 
 27 
The rate of temperature increase has generally been more rapid in Africa than the global average 28 
(high confidence). Minimum temperatures have increased more rapidly relative to maximum temperatures 29 
over inland southern Africa (medium confidence). Since 1980, mean temperature over East Africa has shown 30 
an increasing trend but showed a decreasing trend in the past (medium confidence). Mean temperature over 31 
northern Africa and West Africa have increased over the last 50 years (high confidence). {Atlas.5.2.2} 32 
 33 
The Horn of Africa has experienced significantly decreased rainfall during the long rains season 34 
March to May (high confidence) and drying trends in this and other parts of Africa are attributable to 35 
oceanic influences (high confidence) both internal variability in some cases and human-induced in 36 
other cases. Drying over the Sahel is attributed to an increase in the South Atlantic SST and over southern 37 
African as a response to anthropogenic-forced Indian Ocean warming. Drying over East Africa is associated 38 
with decadal natural variability in SSTs over the Pacific Ocean. The enhanced rainfall intensity over the 39 
Sahel in the last two decades is associated with increased greenhouse gases indicating an anthropogenic 40 
influence (medium confidence). {Atlas.5.2.2} 41 
 42 
Relative to the late 20th century, annual mean temperature over Africa is projected to rise faster than 43 
the global average (very high confidence) with the increase likely to exceed 4°C by the end of the 44 
century under RCP 8.5 emissions. All parts of Africa will have increased maximum and minimum 45 
temperatures with a commensurate increase in the number of warm days in all seasons (high confidence) 46 
with North Africa, central interior of southern Africa and West Guinea likely to warm at a faster rate (high 47 
confidence). {Atlas.5.2.4} 48 
 49 
There are contrasting signals in the projections of rainfall over some parts of Africa until the end of 50 
21st century (high confidence) though changes in any given region are projected with medium 51 
confidence. In regions of high or complex topography such as the Ethiopian Highlands, downscaled 52 
projections indicate likely increases in rainfall by the end of the 21st century. However, the Northern Africa 53 
and the south-western parts of South Africa are likely to have a reduction in precipitation. Over West Africa, 54 
rainfall will likely decrease in the Western Sahel subregion (medium confidence) and increase in the central 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-28 Total pages: 251 

Sahel subregion (low confidence) and along the Guinea Coast subregion (medium confidence). Rainfall 1 
amounts over western part of the East Africa is likely to reduce but increase in the eastern part of the region 2 
(medium confidence). Southern Africa is projected to have a reduction in annual mean rainfall but likely to 3 
have an increased intensity by 2100 (medium confidence). {Atlas.5.2.4} 4 
 5 
 6 
Atlas.5.2.1 Key features of the regional climate and findings from previous assessments 7 
 8 
Key features of the regional climate 9 
 10 
Africa has many varied climates and can be categorized as dry regime in the Saharan region, tropical humid 11 
regime in West and East Africa except for parts of the Greater Horn of Africa (alpine) and the Sahel (semi‐12 
arid), and a dry/wet season regime in the southern African region and each climate region has its local 13 
variations resulting in very high spatial and temporal variations (Peel et al., 2007).  14 
 15 
Previous findings from IPCC assessments 16 
 17 
The most recent IPCC reports, AR5 and SR1.5 (IPCC, 2013b, 2018c), state that over most parts of Africa, 18 
minimum temperatures have warmed more rapidly than maximum temperatures during the last 50 to 100 19 
years (medium confidence). In the same period minimum and maximum temperatures have increased by 20 
more than 0.5°C (high confidence). While the quality of ground observational temperature measurements 21 
tends to be high compared to that of measurements for other climate variables, Africa remains an under 22 
represented region (IPCC, 2018c). Based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) 23 
ensemble, surface air temperatures in Africa are projected to rise faster than the global average increase and 24 
likely to increase by more than 2°C by the end of the century (IPCC, 2013; 2018) relative to the late 20th 25 
century. Higher temperature increases are projected during boreal summer. Southern Africa is likely to 26 
exceed the global mean land surface temperature increase in all seasons by the end of the century. 27 
Temperature projections for East Africa indicate considerable warming under RCP 8.5 where average 28 
warming across all models is approximately 4°C by the end of the century. According to SROCC, eastern 29 
Africa like other regions with smaller glaciers is projected to lose more than 80% of its glaciers by 2100 30 
under RCP8.5 (medium confidence) (IPCC, 2019b).  31 
 32 
West Africa has also experienced an overall reduction of rainfall over the 20th century, with a recovery 33 
towards the last 20 years of the century (IPCC, 2013). Over the last 3 decades rainfall has decreased over 34 
eastern Africa especially between March and May/June. Projected rainfall changes over Africa in the mid- 35 
and late 21st century are uncertain. In regions of high or complex topography such as the Ethiopian 36 
Highlands, downscaled projections indicate likely increases in rainfall and extreme rainfall by the end of the 37 
21st century. However, the Northern Africa and the south-western parts of South Africa are likely to have a 38 
reduction in precipitation.  39 
 40 
The consequence of increased temperature and evapotranspiration, and decreased precipitation amount, in 41 
interaction with climate variability and human activities, have contributed to desertification in dryland areas 42 
in Sub-Saharan Africa (medium confidence) as reported in SRCCL 2019 (IPCC, 2019a). 43 
 44 
 45 
Atlas.5.2.2 Assessment and synthesis of observations, trends and attribution 46 
 47 
Figure Atlas.24:a shows observed annual mean temperature trends (ºC per decade) and indicates that 48 
temperatures have been rising rapidly over Africa over 1980-2014 and that, at most locations, the increases 49 
are statistically significant. However, over a longer period (1961-2018) and subjected to a different statistical 50 
analysis (Engelbrecht et al. (2015), there is a larger area of non-statistically significant temperature increases 51 
compared to Figure Atlas.24:. More specifically over the Horn of East Africa, the long-term mean annual 52 
temperature change between 1930 and 2014 showed two distinct but contrary trends: temperature trends 53 
were significantly negative between 1930 and 1969 but significantly positive from 1970 to 2014 54 
(Ghebrezgabher et al., 2016). North Africa has an overall warming in observed seasonal temperature 55 
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(Barkhordarian et al., 2012; Lelieveld et al., 2016) with positive trends in annual minimum and maximum 1 
temperatures (Vizy and Cook, 2012). Temperatures over West Africa have increased over the last 50 2 
years (Mouhamed et al., 2013; Niang et al., 2014) with a spatially variable gradual warming reaching 0.5°C 3 
per decade from 1983 through 2010 (Sylla et al., 2016). West Africa has also experienced a decrease in the 4 
number of cool nights as well as more frequent warm days and warm spells (Mouhamed et al., 2013; Ringard 5 
et al., 2016). Similarly, East Africa has experienced a significant increase in temperature since the beginning 6 
of the early 1980s (Anyah and Qiu, 2012) with an increase in seasonal mean temperature. Over South Africa, 7 
positive trends were found in the annual mean, maximum and minimum temperatures for 1960–2003 in all 8 
seasons, except for the central interior (Kruger and Shongwe, 2004; Zhou et al., 2010; Collins, 2011; Kruger 9 
and Sekele, 2013; MacKellar et al., 2014), where minimum temperatures have decreased significantly 10 
(MacKellar et al., 2014). Inland southern Africa, minimum temperatures have increased more rapidly 11 
relative to maximum temperatures (New et al., 2006). In the recent years Africa experienced hotter, longer 12 
and more extensive heat waves than in the last two decades of the 20th century (Russo et al., 2016). 13 
 14 
There is a general decrease in annual total rainfall over Africa (Mouhamed et al., 2013). Most areas of the 15 
African continent lack enough observational data to draw conclusions about trends in annual precipitation 16 
over the past century. In addition, many regions of Africa have discrepancies between different observed 17 
precipitation data sets according to (Sylla et al., 2013; Panitz et al., 2014). A statistically significant (95% 18 
confidence level) decrease in rainfall and the number of rainy days is reported in autumn over central and 19 
north-eastern parts of South Africa in spring and summer during the period of 1960–2010 (MacKellar et al., 20 
2014). Central Africa has experienced a significant decrease in total precipitation, which is likely associated 21 
with a significant decrease of the length of the maximum number of consecutive wet days (Aguilar et al., 22 
2009). Furthermore, rainfall decreased significantly in the Horn of Africa (Tierney et al., 2015) and more 23 
pronounced during the long raining season March to May (Lyon and Dewitt, 2012; Viste et al., 2013; Rowell 24 
et al., 2015). Over mountainous areas significant increases are found in the number of rain days around the 25 
southern Drakensberg in spring and summer during the period of 1960–2010 (MacKellar et al., 2014). 26 
Similarly, southern West Africa is observed to have had more intense rainfall from 1950 to 2014 during the 27 
second rainy season of September–November (Nkrumah et al., 2019) and throughout the raining season over 28 
the Sahel region within the period (Panthou et al., 2014, 2018b, 2018a; Sanogo et al., 2015; Gaetani et al., 29 
2017; Taylor et al., 2017; Biasutti, 2019) in the last two decades (1980-2010). 30 
 31 
Temperature increases over Africa in the 20th century can be attributed due to the strong evidence of a 32 
continent-wide anthropogenic signal in the warming (Hoerling et al., 2006; Min and Hense, 2007; Stott et al., 33 
2010, 2011; IPCC, 2013). More specifically over West Africa, higher temperature increases are due to the 34 
relatively small natural climate variability in the region that generates narrow climate bounds which can be 35 
easily surpassed by relatively small climate changes (IPCC, 2013b). Warming over North Africa is due to 36 
natural (internal) variability (Barkhordarian et al., 2012), which is in turn attributed largely to the North 37 
Atlantic Oscillation (NAO) (Knippertz et al., 2003). Over southern Africa there is a strong link between 38 
ENSO and droughts (Meque and Abiodun, 2015). The drying trends in parts of Africa during each monsoon 39 
season is attributable to oceanic influences where air-sea interactions have been most relevant (Hoerling et 40 
al., 2006). In particular, they demonstrated that the drying over the Sahel can be attributed to warming of the 41 
South Atlantic SST and southern African drying as a response to Indian Ocean warming (Hoerling et al., 42 
2006; Dai, 2011). 43 
 44 
The enhanced rainfall intensity in the last two decades over the Sahel is associated with increased 45 
greenhouse gases suggesting an anthropogenic influence (Biasutti, 2019). In the last decade, the changes in 46 
the timing of onset and cessation over Africa have been linked to changes in the progression of the tropical 47 
rain-band and the Saharan Heat Low (Dunning et al., 2018; Wainwright et al., 2019). Over East Africa, the 48 
drying trend is associated with an anthropogenic-forced relatively rapid warming of Indian Ocean SSTs 49 
(Williams and Funk, 2011; Hoell et al., 2017); a shift to warmer SSTs over the western tropical Pacific and 50 
cooler SSTs over the central and eastern tropical Pacific (Lyon and Dewitt, 2012); multidecadal variability of 51 
SSTs in the tropical Pacific, with cooling in the east and warming in the west (Lyon, 2014); and the 52 
strengthening of the 200-mb easterlies (Liebmann et al., 2017). However, decadal natural variability from 53 
SST variations over the Pacific Ocean has also been associated with the drying trend of the East Africa 54 
(Wang et al., 2014; Hoell et al., 2017). Moreover, later onset and earlier cessation of Eastern Africa rainfall 55 
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is associated with a delayed and then faster movement of the tropical rain-band northwards during the boreal 1 
spring and the Saharan Heat Low (Wainwright et al., 2019). 2 
 3 
 4 
Atlas.5.2.3 Assessment of model performance 5 
 6 
Model development has advanced in the world, but Africa still lags in its contribution (James et al., 2018). 7 
Furthermore, none of the current generation of general circulation models (GCMs) was developed in Africa 8 
(Watterson et al., 2014), and the relevant processes in the continent have not always been the priority for 9 
model development (James et al., 2018). However, there are growing efforts to boost African climate science 10 
by running and evaluating climate models over Africa (Endris et al., 2013; Kalognomou et al., 2013; 11 
Gbobaniyi et al., 2014; Engelbrecht et al., 2015; Klutse et al., 2016; Gibba et al., 2019).  12 
 13 
CORDEX models simulate the occurrence of the West African Monsoon jump and the timing and amplitude 14 
of mean annual cycle of precipitation and temperature over the homogeneous subregions of West Africa 15 
(Gbobaniyi et al., 2014). CORDEX RCMs simulate eastern Africa rainfall adequately (Endris et al., 2013). 16 
Over Southern Africa, CORDEX models capture the observed climatological spatial patterns of extreme 17 
precipitation (Pinto et al., 2016). They simulate also the phasing and amplitude of monthly rainfall evolution 18 
and the spatial progression of the wet season onset well over Southern Africa (Shongwe et al., 2015). The 19 
southern African rainfall trend is found to have a significant downtrend of -0.013 mm/day per year and -20 
0.003 mm/day per year for longer periods over the 20th century from 1900 to 2010 (Jury, 2013). However, 21 
discrepancies and biases in present-day rainfall are reported over Uganda from the RCM-simulated rainfall 22 
compared to three gridded observational datasets (Kisembe et al., 2018). Specifically, they reported that the 23 
CORDEX models underestimate annual rainfall of Uganda and struggle to reproduce the variability of the 24 
long and short rains seasons.  25 
 26 
The CMIP project has not resulted in improved performance for Africa (Flato et al., 2013b; Rowell, 2013; 27 
Whittleston et al., 2017) and culling ensembles based on existing metrics for Africa fails to reduce the range 28 
of uncertainty in precipitation projections (Roehrig et al., 2013; Yang et al., 2015; Rowell et al., 2016) but 29 
CMIP6 presents less bias compared to CMIP5 over Africa (Adamu et al., submitted). Nonetheless, CMIP5 30 
has been evaluated over Africa to advance the understanding of climate science (Biasutti, 2013; Rowell, 31 
2013; Dike et al., 2015; McSweeney and Jones, 2016; Onyutha et al., 2016; Wainwright et al., 2019) and 32 
recently, CMIP6 (Adamu et al., submitted; Almazroui et al., submitted, b).  33 
 34 
 35 
Atlas.5.2.4 Assessment and synthesis of projections 36 
 37 
Research over Africa (Druyan and Fulakeza, 2013; Hernández-Díaz et al., 2013; Panitz et al., 2014; Sarr et 38 
al., 2015; Careto et al., 2018; Sylla et al., 2018) has improved since AR5 and even though the SR1.5 has 39 
synthesised new information for the continent, there is still not enough information on specific areas for 40 
assessment. A large ensemble of CORDEX Africa simulations have been used to present the impact of 1.5°C 41 
and 2°C global warming levels (GWLs) (Klutse et al., 2018; Lennard et al., 2018; Maure et al., 2018; Mba et 42 
al., 2018; Nikulin et al., 2018b; Osima et al., 2018). While a few studies addressed the whole African 43 
continent (Lennard et al., 2018; Nikulin et al., 2018a), some focused on specific regions of Africa (Diedhiou 44 
et al., 2018; Klutse et al., 2018; Kumi and Abiodun, 2018; Maure et al., 2018; Mba et al., 2018). CORDEX 45 
simulations give a robust warming over Africa to exceed the mean global warming (Lennard et al., 2018; 46 
Nikulin et al., 2018a). The rate of increase in minimum temperatures will exceed that of maximum 47 
temperatures (Vizy and Cook, 2012). Over North Africa, summer mean temperatures from CORDEX, 48 
CMIP5 (RCP8.5) and CMIP6 (SSP5-8.5) are projected to increase beyond 6.0°C by the end of the century 49 
with respect to the period 1970–2000 (Schilling et al., 2012; Ozturk et al., 2018; Almazroui et al., submitted, 50 
b). Over West Africa, a continuous stronger warming is projected to occur 1 to 2 decades earlier than the 51 
global average (IPCC, 2013; Mora et al., 2013; Sylla et al., 2016; Klutse et al., 2018) by 2100. The Sahel and 52 
tropical West Africa are hotspots of climate change for both RCP4.5 and RCP8.5 pathways from CMIP5 53 
(Diffenbaugh and Giorgi, 2012). Temperature increases projected under RCP8.5 over Sudan and northern 54 
Ethiopia implying that the Greater Horn of Africa would warm faster than the global mean relative to 55 
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1971−2000 (Osima et al., 2018). Projections from CMIP5 show that East Africa is likely to warm by 1.7–2.8 1 
°C and 2.2–5.4 °C under the RCP4.5 and RCP8.5 scenarios respectively in the period 2071-2100, relative to 2 
1961-1990 (Ongoma et al., 2018). Over southern Africa, areas in the south-western region of the 3 
subcontinent, covering South Africa and parts of Namibia and Botswana are projected to experience the 4 
largest increase in temperature, which are expected to be greater than the global mean warming (Maure et al., 5 
2018). CMIP5 and CMIP6 projections (Figure Atlas.24:) are for a continuous warming exceeding 4°C and 6 
up to 6°C or more till the end of the century under RCP8.5 emissions. Some areas (e.g., central interior of 7 
South Africa, North Africa, and West Guinea) of the continent are likely to warm faster than other areas (like 8 
the Democratic Republic of Congo). 9 
 10 
Projected rainfall changes over sub-Saharan Africa in the mid and late 21st century are uncertain in many 11 
regions, highly variable spatially and with differing levels of model agreements (Figure Atlas.24:). Some 12 
uncertainties are reported over parts of Africa from CORDEX projections (Dosio and Panitz, 2016; Endris et 13 
al., 2016; Klutse et al., 2018). For example, large uncertainties are found to be associated with projections at 14 
1.5°C and 2°C over Central Africa (Mba et al., 2018) and over the Sahel (Sylla et al., 2016). Biases in RCMs 15 
from CORDEX vary in both magnitude and spatial extent from model to model (Gbobaniyi et al., 2014). 16 
Over southern Africa, enhanced warming is projected to result in a reduction in mean rainfall across the 17 
region (Maure et al., 2018) and in particular, up to 0.4 mm/day over the Limpopo Basin and smaller areas of 18 
the Zambezi Basin in Zambia, and also parts of Western Cape, South Africa, under a global warming of 2°C. 19 
However, projected rainfall intensity over southern Africa is likely to increase and be magnified under 20 
RCP8.5 compared with RCP4.5 for the period 2069–2098 relative to the reference period (1976–2005) 21 
(Pinto et al., 2018). For West Africa, rainfall is projected to decline consistently through the periods 2021-22 
2040 to 2081-2100 and West African river basins would decline in the basin-scale irrigation potential under 23 
2°C global warming (Sylla et al., 2018). The western and eastern Sahel are projected as hotspots for a 24 
delayed rainfall onset dates and reduced length of rainy season in the 1.5°C to 2°C warmer climates under 25 
RCP4.5 and RCP8.5 scenarios (Kumi and Abiodun, 2018). They are also projected a delay in rainfall 26 
cessation dates and a longer length of rainy season over the western part of the Guinea coast. North Africa is 27 
also projected to have a reduction in precipitation (Sellami et al., 2016), (Figure Atlas.24:). There is a 28 
tendency towards an increase in annual mean precipitation over central/eastern Sahel and eastern Africa 29 
(Figure Atlas.24:) (Nikulin et al., 2018a) especially over the Ethiopian highlands with up to 0.5 mm day−1 30 
increase in rainfall (Osima et al., 2018). 31 
 32 
 33 
[START Figure Atlas.24: HERE] 34 
 35 
Figure Atlas.24: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 36 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 37 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 38 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 39 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 40 
over this period.  41 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 42 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 43 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 44 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 45 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 46 
2018). 47 
(g–n) Regional mean changes in annual mean surface air temperature and precipitation for the eight 48 
African regions (MED, SHA, WAF, CAF, NEAF, CEAF, SWAF and SEAF). The top row shows the 49 
median (dots) and 10th–90th percentile range across each model ensemble for annual mean 50 
temperature changes, for two datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and 51 
SSP5-8.5/RCP8.5). The first four bars represent the additional warming projected relative to the 52 
historical baseline 1995–2014 period to reach the two global warming levels (GWL; +1.5°C and 53 
+2°C) and the remaining six projected changes over three time periods (near-term 2021–2040, mid-54 
term 2041–2060 and long-term 2081–2100) compared to this same historical baseline period. The 55 
bottom row shows scatter diagrams of temperature against precipitation changes, displaying the 56 
median (dots) and 10th–90th percentile ranges for four future periods (2021–2040, 2041–2060, 2061–57 
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2080, 2081–2100) compared to the historical baseline period, as obtained from CMIP6 projections for 1 
three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes are absolute for temperature and relative 2 
for precipitation.  3 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 4 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 5 

 6 
[END Figure Atlas.24: HERE] 7 
 8 
 9 
Atlas.5.3 Asia 10 
 11 
Atlas.5.3.1 East Asia 12 
 13 
Regional executive summary 14 
 15 
In most East Asia areas annual mean temperature has been increasing since the 1950s. This is 16 
documented based on historical meteorological observations. It is very likely that the linear trend of annual 17 
mean surface air temperature exceeded 0.1°C per decade over most of East Asia from 1980-2014. Annual 18 
precipitation over most of East Asia does not show significant change for the period of 1980-2014 (high 19 
confidence). {Atlas.5.3.1.2} 20 
 21 
GCMs still show poor performance in simulating the mean rainfall and its variability over East Asia, 22 
especially over regions characterized by complex topography (high confidence). The RCMs produce 23 
relatively more detailed regional features, but do not always produce superior simulations compared with the 24 
driving GCMs (medium confidence). {Atlas.5.3.1.3} 25 
 26 
It is very likely that the surface temperature over the East Asian continent will increase under global 27 
warming. Larger warming magnitudes will occur in the northern part of East Asia (high confidence).  28 
{Atlas.5.3.1.4} 29 
 30 
Precipitation is projected to increase over land in most of East Asia at the end of the 21st century 31 
under the high emissions scenario (RCP8.5, SSP5-8.5). Stronger precipitation increase occurs in northern 32 
China, corresponding to the strengthened monsoon circulation in the lower troposphere. (high confidence) 33 
{Atlas.5.3.1.4} 34 
 35 
 36 
Atlas.5.3.1.1 Key features of the regional climate and findings from previous assessments  37 
Key features of the regional climate 38 
East Asia is significantly influenced by monsoon systems. The seasonal advance or retreat of the monsoon 39 
rainbelt is crucial to local climate. The East Asian monsoon exhibits considerable variability on a wide range 40 
of time scales, including significant inter-decadal variation in the 20th century. The thermal conditions of 41 
both the Tibetan Plateau and related oceans play key roles in modulating the intensity of the monsoon 42 
circulation. GCMs still show poor performance in simulating the monsoon rainfall and its variability over 43 
East Asia. There will be an increasing trend of both surface temperature and the monsoon circulation. 44 
 45 
Previous findings from IPCC assessments 46 
The findings of the most recent IPCC reports (AR5, SR1.5, SRCCL and SROCC) stated that both the East 47 
Asian summer and winter monsoon circulations have experienced an inter-decadal scale weakening since the 48 
1970s due to natural variability of the coupled climate system, leading to enhanced mean precipitation along 49 
the Yangtze River Valley (30°N) but deficient mean precipitation in North China in summer, and a warmer 50 
climate in winter. The summer rainfall amount over East Asia shows no clear trend during the 20th century. 51 
Regional trends in frequency and intensity of drought during 1950–2012 are evident in East Asia. The winter 52 
monsoon circulation weakened significantly after the 1980s. Since the middle of the 20th century, it is likely 53 
that there has been an increasing trend in winter temperatures across much of Asia. The numbers of cold 54 
days and nights have decreased and the numbers of warm days and nights have increased over Asia. 55 
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 1 
The findings of the AR5 stated that model skill in representing regional monsoons is lower compared to the 2 
global monsoon and varies across different monsoon systems. For East Asia, there is only low confidence in 3 
more specific details of the projected changes due to the still limited skill of CMIP5 models in simulating 4 
monsoon features such as the East Asian monsoon rainband.  5 
 6 
The most recent IPCC reports (AR5, SR1.5, SRCCL and SROCC) also stated that there is a significant 7 
increase in mean, daily maximum and minimum temperatures in south-eastern China, associated with a 8 
decrease in the number of frost days under the SRES A2 scenario. The CMIP5 model projections indicate an 9 
increase of temperature in both boreal winter and summer over East Asia for RCP4.5. Based on CMIP5 10 
model projections, there is medium confidence that with an intensified EASM, summer precipitation over 11 
East Asia will increase. More than 85% of CMIP5 models show an increase in mean precipitation of the 12 
EASM, while more than 95% of models project an increase in heavy precipitation events. Future projections 13 
of annual precipitation indicate increases of the order of 5 to 20% over the 21st century in many mountain 14 
regions, including the Himalaya and East Asia (SROCC). 15 
 16 
 17 
Atlas.5.3.1.2 Assessment and synthesis of observations, trends and attribution 18 
Based on historical meteorological observations, the best estimations of linear trends of annual mean surface 19 
air temperature for China with 95% uncertainty ranges are 0.121° ± 0.009°, 0.379° ± 0.045°, and 0.079° ± 20 
0.13°C (not significant) decade−1 for 1900–2015, 1979–2015, and 1998–2015, respectively (Li et al., 2017). 21 
The annual temperature increased in large cities at a rate of 0.29 ± 0.08 °C decade−1 compared with 0.11 ± 22 
0.08 °C decade−1 in other stations in South Korea, which is associated with the general increase in 23 
greenhouse gases in East Asia (Kim et al., 2016a). Summer (June–August) mean temperature in Eastern 24 
China has increased by 0.82°C since reliable observations were established in the 1950s (Sun et al., 2014). 25 
East Asia has experienced more cold winters and a number of unusually harsh cold winters have occurred in 26 
many parts of East Asia in the past few years, which is related to the recovered and re-amplified East Asian 27 
winter monsoon (EAWM) in the mid-2000s (Wang and Chen, 2014; Kug et al., 2015). The winter cooling 28 
has contributed to the 1998–2012 hiatus in China, when the warming trend in China was replaced by a 29 
decrease in mean maximum temperature (Li et al., 2015b). In contrast to the warming hiatus post-1990s, an 30 
accelerated warming trend has appeared over the Tibetan Plateau during 1998–2013 (0.25 °C decade−1), 31 
compared with that during 1980–1997 (0.21 °C decade−1) (Duan and Xiao, 2015). Figure Atlas.25:a shows 32 
the trend of annual temperature for the period of 1980-2014. Most areas of East Asia have significant 33 
warming trends exceeding 0.1°C per decade, and the strongest warming (0.42-0.52°C per decade) occurs in 34 
the northern China. 35 
 36 
The change in East Asian summer monsoon (EASM) presents a clear interdecadal variation rather than a 37 
linear trend since the 1900s (Zhang, 2015; Zhou et al., 2017b). Evidence indicates that the “southern flood 38 
and northern drought” (SFND) anomalous pattern in eastern China after the 1970s has been changed with the 39 
recovering EASM since the early 1990s. Summer flooding events have increased in the Huaihe River valley 40 
and the monsoon rain belt has tended to move northward in eastern China (Liu et al., 2012; Zhao et al., 41 
2015). The summer rainfall daily frequency and intensity over East Asia show significantly decreasing and 42 
increasing trends from 1961 to 2014, respectively (Zhou and Wang, 2017b). Accompanied by the recovery 43 
of the summer monsoon, the summer rainfall characteristics exhibit enhanced trends from 1979 to 2014, 44 
based on highly-resolved in-situ observations and eight current reanalysis products (Zhou and Wang, 2017a). 45 
Mean and extreme rainfall and the number of rainy days during the Meiyu/Baiu/Changma period from June 46 
to September have increased, and the dry spell has become shorter (Lee et al., 2017). Precipitation amounts 47 
exhibited a substantial decrease at both the annual and seasonal scales in Japan for the period 1901–2012 48 
(Duan et al., 2015). The decadal precipitation trend has caused a large increase in summer precipitation at a 49 
rate of 40.6 ± 4.3 mm decade−1, resulting in an increase of annual precipitation of 27.7 ± 5.5 mm decade−1 in 50 
South Korea from 1960 to 2010 (Kim et al., 2016a). Figure Atlas.25:b shows the trend of annual 51 
precipitation for the period of 1980-2014. Precipitation trends over most of East Asia is not significant but 52 
for a small region on the north-eastern edge of the Tibetan Plateau.   53 
GHG and anthropogenic aerosols played an important role in driving the weakened low-level monsoon 54 
circulation during 1958–2001. The enhanced cooling over continental East Asia caused by aerosols affects 55 
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the monsoon circulation through reducing the land-sea thermal contrast (Chapter 8). An event attribution 1 
study using the large-ensemble simulations with and without human-induced climate change showed that the 2 
July 2018 high temperature event in Japan would never have happened without anthropogenic global 3 
warming (Imada et al., 2019).  4 
 5 
 6 
Atlas.5.3.1.3 Assessment of model performance 7 
Current climate models perform poorly in simulating the mean precipitation in East Asia, including the 8 
seasonal phase of the northward progression of rain band (Zhang et al., 2018b). Although there has been an 9 
improvement in the simulation of mean states, interannual variability, and past climate changes in the 10 
progression from CMIP3 to CMIP5, some previously documented biases (such as the ridge position of the 11 
western North Pacific subtropical high and the associated rainfall bias) are still evident in CMIP5 models 12 
(Zhou et al., 2017a). Some CMIP6 models show improvements in simulating the mean precipitation and 13 
interannual variation, but the deficiencies are still evident (Sellar et al.; Tatebe et al., 2019; Wu et al., 2019). 14 
The performance of models is sensitive to cumulus convection schemes and horizontal resolution (Haarsma 15 
et al., 2016; Wu et al., 2017; Kusunoki, 2018b). The high-resolution AGCM is successful in reproducing the 16 
intensity and the spatial pattern of the EASM rainfall (Li et al., 2015a; Yao et al., 2017) and improves the 17 
simulation of the diurnal cycle of precipitation rates and the probability density distributions of daily 18 
precipitation over Korea, Japan and northern China (Lin et al., 2019).  19 
 20 
Recent studies using CORDEX-EA models showed that the RCMs produce relatively more detailed regional 21 
features of the temperature distribution compared with the driving GCMs (Tang et al., 2016). But RCMs also 22 
show large biases in simulating East Asian climatology and variability (Park et al., 2016; Zhou et al., 2016; 23 
Zou and Zhou, 2016), and do not always show added value compared to the driving GCMs (Li et al., 2018a). 24 
For example, by comparing inter-GCM and inter-RCM differences around the Japan archipelago, it was 25 
found that RCMs bring about a relatively large difference in precipitation (Suzuki-Parker et al., 2018). The 26 
multi-model ensemble (MME) overall produces superior simulation compared with a single RCM (Huang et 27 
al., 2015; Jin et al., 2016; Guo et al., 2018a).  28 
 29 
Topography has a strong effect on the precipitation patterns over East Asia, and the simulation of 30 
precipitation over regions with complicated topography is a major challenge. Over the Tibetan Plateau, 31 
RCMs consistently show similar spatial patterns, but there is a mean cold (wet) bias in the temperature 32 
(precipitation) climatology compared to station observations (Guo et al., 2018a). Over steep mountains such 33 
as the southern edge of the Tibetan Plateau, the overestimation of heavy rainfall is found to be caused by the 34 
“overshoot” of water vapor to the high-altitude region of the windward slopes (Yu et al., 2015). 35 
 36 
Evaluation of the ability of CORDEX-EA models in simulating tropical cyclone (TC) activity over the 37 
western North Pacific indicates that models reasonably capture the observed climatological spatial 38 
distribution and interannual variability of TC activity. But due to the low horizontal resolutions (~50 km), 39 
RCMs tend to underestimate TC intensity (Jin et al., 2016).  40 
 41 
 42 
Atlas.5.3.1.4 Assessment and synthesis of projections 43 
Coupled model simulations indicate that East Asia will experience ~0.2°C higher warming than the global 44 
mean conditions in the 1.5°C and 2°C warming conditions at the end of the 21st century. Larger warming 45 
magnitudes are projected to occur in the southern, north-western, and north-eastern regions of China, parts of 46 
Mongolia, the Korean Peninsula, and Japan than in other regions (Li et al., 2018b). The increases in the 47 
monthly minimum values of daily minimum temperature (TNn) and maximum values of daily maximum 48 
temperature (TXx) over mainland China tend to show a similar spatial pattern during the period 2070–2099 49 
(relative to the baseline 1961–1990) under the RCP4.5 and RCP8.5 scenarios. The largest increases in TNn 50 
(more than 5 °C in RCP4.5 and 8 °C in RCP8.5) are projected to occur mainly in northeast China and most 51 
parts of western China (Xu et al., 2019a). 52 
 53 
Figure Atlas.25:c,e show the projected temperature changes under CMIP5 RCP85 and CMIP6 SSP5-85. 54 
Both CMIP5 and CMIP6 models show uniform warming in East Asia. The warming is stronger in the 55 
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northern part of East Asia and decreases south-eastward.  1 
 2 
The EASM circulation and precipitation are projected to increase (Kitoh, 2017; Moon and Ha, 2017). 3 
Simulations from CMIP5 models show that compared with the current summer climate, both surface air 4 
temperature and precipitation increase significantly over the East Asian continent during the 1.5 °C warming 5 
period (Wang et al., 2018; Chen et al., 2019a). The monsoon circulation in the lower troposphere is 6 
strengthened due to the enhanced land–sea thermal contrast, which causes the increased summer 7 
precipitation over the East Asian continent. Precipitation over eastern China increases for almost all months 8 
under global warming in projections from GCMs with different horizontal resolutions (Kusunoki, 2018a). 9 
However, the geographical distribution of precipitation change tends to depend relatively on the cumulus 10 
convection scheme and horizontal resolution of models rather than on SST distributions. Under the RCP4.5 11 
and the RCP8.5 scenarios, the interannual variability in EASM rainfall is projected by the multi-model 12 
ensemble mean (MME) to increase in the 21st century (Ren et al., 2017b). Further studies showed a 13 
projected increase in heavy rainfall together with increases in rainfall intensity (Endo et al., 2017). Multi-14 
model intercomparison indicates significant uncertainties in the future projection of East Asian climate 15 
change, although precipitation increases consistently across models (Zhou et al., 2017a).  16 
 17 
Figure Atlas.25:d,f shows the projected precipitation changes under CMIP5 RCP8.5 and CMIP6 SSP5-8.5 18 
respectively. CMIP5 and CMIP6 models present similar patterns: most land areas have positive precipitation 19 
changes and the strongest precipitation increase occurs in the northern China. Compared with CMIP5, the 20 
CMIP6 models have better agreement in precipitation changes over East Asia. Figure Atlas.26: shows the 21 
simulated historical changes and projected future changes of the EASM index. Under SSP5-8.5, CMIP6 22 
models present an increase in summer monsoon circulation in East Asia in the 21st century. 23 
 24 
The increasing temperature trends of RCP scenarios were consistently reproduced in projections using 25 
CORDEX-EA models (Kim et al., 2016b) as reported in AR5 using GCMs. However, changes in annual and 26 
seasonal mean precipitation exhibit significant inter-RCM differences and possess larger magnitude and 27 
variability than GCMs (HAM et al., 2016; Ozturk et al., 2017; Sun et al., 2018a; Zhang et al., 2018a). 28 
Dynamical downscaling simulations showed that the Meiyu-Baiu-Changma heavy rainfall will significantly 29 
increase in northern Japan and Japan Sea at the end of the 21st century under the RCP8.5 scenario (Osakada 30 
and Nakakita, 2018), but precipitation amount and number of precipitating days in summer around and over 31 
Japan differ among members, which comes from RCM uncertainty (Suzuki-Parker et al., 2018).  32 
 33 
 34 
[START Figure Atlas.25: HERE] 35 
 36 
Figure Atlas.25: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 37 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 38 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 39 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 40 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 41 
over this period.  42 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 43 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 44 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 45 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 46 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 47 
2018). 48 
(g) Regional mean changes in annual mean surface air temperature and precipitation for the East 49 
Asian region. The left plot shows the median (dots) and 10th–90th percentile range across each model 50 
ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) and two 51 
scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the additional 52 
warming projected relative to the historical baseline 1995–2014 period to reach the two global 53 
warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three time 54 
periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 55 
same historical baseline period. The right plot shows a scatter diagram of temperature against 56 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 57 
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periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 1 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 2 
are absolute for temperature and relative for precipitation.  3 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 4 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 5 

 6 
[END Figure Atlas.25: HERE] 7 
 8 
 9 
[START FIGURE ATLAS.26: HERE] 10 

 11 
Figure Atlas.26: Time series of East Asian Summer Monsoon index (21-year running mean) over 1900-2100. 12 

Historical (grey), SSP5-8.5 (red) simulations by 12 CMIP6 model ensembles are shown in 10th and 13 
90th (shading), and 50th (thick line) percentile. The index is defined as normalized June-July-August 14 
sea level pressure difference between 110°E and 160°E from 10°N to 50°N (Wang et al., 2008).  15 

 16 
[END FIGURE ATLAS.26: HERE] 17 
 18 
 19 
Atlas.5.3.2 Middle East Asia 20 
 21 
Regional executive summary 22 
 23 
Observations over the Arabian Peninsula for the period 1978–2018 exhibit an increase in annual 24 
surface air temperature estimated at 0.52°C per decade and very likely in the range of 0.21–0.73°C per 25 
decade (high confidence) and a decrease in annual precipitation estimated at 6.3 mm per decade and 26 
likely in the range –30 mm–9.0 mm per decade (medium confidence). The highest warming and 27 
precipitation decrease is observed in the northern Peninsula and the lowest warming and highest precipitation 28 
increase in the south. As the annual precipitation total in the region comes mostly in a wet season from a few 29 
scattered extreme events, decrease in their frequency has resulted in a negative precipitation trend (medium 30 
confidence), nevertheless intensity of extreme precipitation has increased (low confidence). {Atlas.5.3.2.2} 31 
 32 
A strong increase of annual surface air temperature and precipitation amount continued over West 33 
and Central Asia in the last half century based on observational and gridded datasets including 34 
satellite products. The observed trend in the period 1960–2013 very likely was in the range 0.27°C–0.47℃ 35 
per decade for temperature and 1.3–4.8 mm per decade for precipitation. In mountainous areas the scarcity of 36 
observation stations and the decline of observation sites after the collapse of the former Soviet Union in 1991 37 
very likely increase the uncertainty of the long-term temperature and precipitation estimates. {Atlas.5.3.2.2} 38 
 39 
Extensive land-use and land-cover changes had different impacts on the local temperature and 40 
precipitation in Central Asia (medium confidence). Agriculture intensification through oasis expansion in 41 
the Xinjian region has increased summer precipitation (medium evidence, high agreement). The shrinking of 42 
the Aral Sea has induced an increase of local surface air temperature in the range of 2℃ to 6℃ (very high 43 
confidence), but its impact on precipitation can be attributed only with very low confidence. {Atlas.5.3.2.2} 44 
 45 
There is medium evidence about performance of RCMs in the Middle East region as publications on 46 
regional model evaluation have only recently emerged. Published studies have medium to high 47 
agreement for mean temperature and precipitation biases in RCMs. Regional models simulate colder 48 
temperatures than observed over mountainous and high plateau regions including the Himalayas and Plateau 49 
of Tibet (limited evidence, high agreement). Mean temperature bias of RCMs is within ± 3°C over West Asia 50 
(high confidence), but RCMs have a tendency to overestimate precipitation amounts in almost all parts of the 51 
region (low confidence). {Atlas.5.3.2.3} 52 
 53 
Over the Arabian Peninsula the highest rate of warming (0.98°C per decade) is projected for its 54 
northern part under the higher emission scenario during the 21st century (high confidence). Strong 55 
decreases in precipitation (–30% to –50%) are projected in the north-western part of the Arabian 56 
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Peninsula with the area of largest increase (8.6% per decade) found over the southern part (medium 1 
confidence). Projected warming is between 1°C and 2°C for SSP1-2.6 and 4°C and 6°C for SSP5-8.5, while 2 
precipitation is projected to change by –3% to 41% for SSP1-2.6 and 12% to 126% for SSP5-8.5 (medium 3 
confidence). {Atlas.5.3.4.4} 4 
 5 
Widespread warming over West and Central Asia is projected at the end of the 21st century compared 6 
to 1971–2000, varying from 2.5°C to 8°C depending on the season and scenario (high confidence) with 7 
the maximum warming rate in the northern part of the region in summer (medium confidence). 8 
{Atlas.5.3.4.4} 9 
 10 
Strong spatiotemporal differences with overall decreasing precipitation are projected over West Asia 11 
(low confidence) and in the central and northern parts of Central Asia in summer, while relatively 12 
stronger increasing rates are projected over north of Central Asia in winter (medium confidence). 13 
{Atlas.5.3.4.4} 14 
 15 
 16 
Atlas.5.3.2.1 Key features of the regional climate and previous findings from IPCC assessments 17 
Key features of the regional climate 18 
The climatic regions defined for Middle East Asia include the Arabian Peninsula [ARP] and the West and 19 
Central Asia region [WCA] (see Figure Atlas.2:). 20 
 21 
The Arabian Peninsula region is composed of seven countries located in southwest Asia and experiences 22 
semi-arid or arid desert climate. It has very low annual mean precipitation and very high temperature. The 23 
climate of the Arabian Peninsula is influenced by ENSO. The wet season is mainly from November to April 24 
(NDJFMA) and the dry season is from June to August (JJA). Rainfall is confined mostly to the south-25 
western part of the Peninsula 26 
 27 
The West and Central Asia region is separated from Eastern Europe by the Caucasus Mountains and borders 28 
the West Siberia subregion to the north. It is adjacent to the [ARP] and South Asia [SAS] regions to the 29 
south and extends west to east from the Mediterranean region [MED] to the Tibetan Plateau [TIB]. The local 30 
climate of West and Central Asia is typically semi-arid or arid with a strong gradient in both precipitation 31 
and temperature from the mountains to the plains and from north to south. 32 
 33 
Previous findings from IPCC assessments 34 
Recent AR6 IPCC Special Reports have stated for the Middle East subregions particularly the following. 35 
  36 
Even for 1.5°C and 2°C of warming, the strongest increase in hot extremes is projected in both subregions 37 
ARP and WCA, with more urban populations exposed to severe droughts in West Asia, while an increase of 38 
heavy precipitation events is projected in mountainous regions of Central Asia (IPCC, 2018d). 39 
 40 
These changes in temperature and precipitation regimes will likely result in a higher risk of desertification in 41 
Central Asia, second after the South Asia subregion in the number of dryland population exposed and 42 
vulnerable to water stress, with increasing drought intensity and habitat degradation. Higher temperatures 43 
with less precipitation will result in higher risks of wildfire and dust storms exacerbated by land-use and 44 
land-cover changes in the region with consequent effects on human health due to transport of particulate 45 
matter, pollutants, pathogens and potential allergens over large distances. Further drying up of the Aral Sea 46 
in Central Asia will likely have negative impacts on the regional microclimate adding to the growing wind 47 
erosion in adjacent deltaic areas and deserts. Another effect of the Aral Sea desiccation is the salinization of 48 
the major rivers Amudarya and Syrdarya used for irrigation, that is already resulting in a reduction of the 49 
vegetation productivity including croplands. At the same time, projected increase of precipitation intensity in 50 
Central Asia and the Arabian Peninsula are also likely to lead to higher soil erosion by water particularly in 51 
winter and spring due to floods caused by increasing number of heavy precipitation events (SRCCL; IPCC, 52 
2019a).  53 
 54 
Middle East Asia includes high mountains where temperature increases have outpaced the global rate, 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-38 Total pages: 251 

indicating enhanced warming above 500m above sea level. The warming peaks above 5,000m above sea 1 
level. according to evidence based on combining in situ observations (often scarce at high elevations) with 2 
remote sensing and modelling approaches on the Tibetan Plateau. A very strong interannual and decadal 3 
variability as well as scarce in situ records of mountain snow cover prevent from quantifying recent trends in 4 
High Mountain Asia. However, the most pronounced effect of a further warming is projected on snow cover 5 
and glaciers in high latitudes and mountains where projections indicate a continued increase in winter runoff 6 
in many snow and/or glacier-fed rivers over the 21st century (high confidence) regardless of the climate 7 
scenario due to increased winter snowmelt and more precipitation falling as rain in addition to increases in 8 
precipitation in some basins in the region. There is high confidence that summer runoff will decline over the 9 
21st century in many basins for all emission scenarios due to less snowfall and decreases in glacier melt after 10 
peak water which will generally be reached before or around the middle of the century (robust evidence, high 11 
agreement) . A global-scale projection suggests that decline in glacier runoff by 2100 (RCP8.5) may reduce 12 
basin runoff by 10% or more in at least one month of the melt season in several large river basins originated 13 
in High Mountain Asia during dry seasons (SROCC; IPCC, 2019b). 14 
 15 
There is a growing amount of climate research involving climate models in the Middle East Asia region 16 
compared with AR5 stimulated by the CORDEX results in particular (Top et al., submitted). 17 
 18 
CMIP5 models generally have difficulties in reproducing the present mean temperature and precipitation 19 
climatology for the subregions represented in this area, which is partly related to the poor spatial resolution 20 
of the models preventing the resolution of the complex mountainous terrain dominating Middle East Asia. 21 
However, the scarceness of observational data and issues related to comparison of observations with coarse-22 
resolution models add to the uncertainty regarding model quality (Christensen et al., 2013). The IPCC AR5 23 
stated that temperature is generally better simulated than precipitation in terms of the amplitude and phase of 24 
the seasonal cycle in accordance with a comparison of CMIP3 and CMIP5 seasonal cycles for different 25 
regions. Even though the multi-model mean is close to observations, the inter-model spread remains large, 26 
particularly in high-latitude regions in winter and in regions with steep orography such as Central Asia. The 27 
largest systematic biases occur in annual total precipitation over land regions occur in regions which are 28 
characterized by high orography and/or a large fraction of solid precipitation such as Tibetan Plateau, both of 29 
which are expected to introduce a negative bias in gauge-based precipitation (Flato et al., 2013b). The IPCC 30 
AR5 stated that CMIP5 models tend to be able to simulate West Asia’s basic climate state as well as the 31 
main phenomena affecting it with some fidelity, but the region is at the fringes of the influence of different 32 
drivers of European, Asian and African climates and remains poorly analysed in the peer-reviewed literature 33 
with respect to climate model performances (Christensen et al., 2013). 34 
 35 
According to the IPCC AR5, it is very likely that temperatures will continue to increase over West Asia due 36 
to models’ high agreement. On the other hand, projections of an overall reduction in precipitation had 37 
medium confidence due to models’ medium agreement on projected precipitation changes. The CMIP5 38 
model projections for this century are for further warming in all seasons, while precipitation shows some 39 
distinct subregional and seasonally dependent changes, characterized by model scatter (Christensen et al., 40 
2013). Over Central Asia, the IPCC AR5 stated that CMIP5 projected a temperature increase for both 41 
summer and winter seasons. Less annual variation is found in temperature rise over Central Asia and the 42 
Tibetan Plateau. Model agreement is lower on changes for both winter and summer precipitation for the 43 
whole region. According to the AR5, the level of agreement in projections of precipitation was positive and 44 
significantly above the 20-year natural variability, and therefore suggested that there is medium confidence in 45 
the sign of the projected change in future precipitation (Christensen et al., 2013). One of the conclusions of 46 
AR5 was that in order to have a better understanding of climate of the region, results of fine resolution 47 
regional climate models also need to be assessed.  48 
 49 
 50 
Atlas.5.3.2.2 Assessment and synthesis of observations, trends and attribution 51 
Since the AR5, there has been an increasing number of studies on climate in the region, particularly over the 52 
Arabian Peninsula, which were based on surface observations, and regional and global climate model 53 
simulations. These studies indicated a warming as well as an increasing trend for climate extremes (see also 54 
Figure Atlas.27:). Estimated observed trends in precipitation indicate declines over most of the region where 55 
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the trends are significant, though some areas of increase are also found (Figure Atlas.27:).  1 
 2 
 3 
[START Figure Atlas.27: HERE] 4 
 5 
Figure Atlas.27: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 6 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 7 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 8 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 9 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 10 
over this period.  11 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 12 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 13 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 14 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 15 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 16 
2018). 17 
(g–h) Regional mean changes in annual mean surface air temperature and precipitation for the two 18 
Middle East Asia regions (WCA and ARP). The top row shows the median (dots) and 10th–90th 19 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 20 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 21 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 22 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 23 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–24 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 25 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 26 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 27 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-28 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  29 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 30 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 31 

 32 
[END Figure Atlas.27: HERE]  33 
 34 
 35 
Observed warming over the northern part of the Arabian Peninsula is higher than over the southern part. The 36 
rate of increase in mean temperature is 0.10°C per decade for the period 1901–2010 (Attada et al., 2019). 37 
The rate of increase was 0.52°C (likely in the range 0.21 to 0.73°C) per decade over the Arabian Peninsula 38 
for the period 1978–2018 (Almazroui et al., submitted, a). The highest (lowest) rate of temperature increase 39 
is observed in the northern (southern) Peninsula. Over the region, the number of warm days and nights 40 
increased, while the number of cold days and nights decreased (Almazroui et al., 2014; Islam et al., 2015). In 41 
the region, the temperature is likely to be influenced by SST variations over the tropical oceans and closely 42 
associated with ENSO, NAO and AO (Attada et al., 2019). Enhanced rainfall may occur in the wet season 43 
during the El Niño phase of ENSO (Kang et al., 2015; Niranjan Kumar et al., 2015; Abid et al., 2018; Kamil 44 
et al., 2019), while precipitation may reduce during the La Niña phase of ENSO (Atif et al., 2020). 45 
Observational records for the Arabian Peninsula show a decreasing trend of precipitation with mean value of 46 
6.3 mm (likely in the range –30 mm to 9.0 mm) per decade for the period 1978–2018 with large interannual 47 
variability over Saudi Arabia, which covers 80% of the Arabian Peninsula (AlSarmi and Washington, 2011; 48 
Almazroui et al., 2012; Donat et al., 2014). Almazroui and Saeed (2020) showed that extreme events 49 
contributed enormously (20–70%) to total precipitation over the Arabian Peninsula. 50 
 51 
The region of Central Asia accounts for one third of all arid and semi-arid regions globally. Huang et al. 52 
(2017) pointed out that the dryland showed an enhanced warming over the past century, when surface 53 
warming over global drylands (1.2°C to 1.3°C) has been 20–40% higher than that over humid lands (0.8°C 54 
to 1.0°C). The meteorological stations located in Central Asia are sparsely scattered and most of them are 55 
distributed in the plains with elevation less than 2 km. Meanwhile some weather stations have stopped 56 
operating since 1991 when the Soviet Union collapsed (Huang et al., 2014a). There is very high confidence 57 
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based on robust evidence and high agreement that the scarcity of observation stations in mountainous areas 1 
with the decline of observation sites in Central Asia increase the uncertainty of the long-term warming 2 
estimates. 3 
 4 
Giese et al. (2007) used observed data from 1950 to 2000 in lowland basins and foothills in valley and basin 5 
locations in Central Asia. They showed a warming with a rate of 3.1°C to 3.7°C per 100 years. Chen et al. 6 
(2009) found that the average annual mean temperature increase rate of four subregions in Central Asia is 7 
0.18℃ per decade, with a greater increase rate in winter (0.21℃ per decade). Feng et al. (2018) analysed the 8 
extreme temperature by using 108 stations in Central Asia from 1981 to 2015. All extreme temperature 9 
values exhibited a positive trend on an annual scale, but maximum temperature increased faster than 10 
minimum temperature, and most warm extreme events mainly occurred in spring and summer. Based on data 11 
from 22 observed meteorological stations operating between 1960 and 2011 in northern Xinjiang, Xu et al. 12 
(2015) reported that both temperature and precipitation have increased significantly (0.35℃ per decade, 11.2 13 
mm per decade). Aizen et al. (1997) analysed 110 sites located in Tien Shan mountain, the average warming 14 
rate was 0.01℃ yr–1 and the precipitation increased by 1.2 mm yr–1 over the past half century while a 15 
decrease in snow resources have been observed.  16 
 17 
A strong increase in surface air temperature with range 0.27°C – 0.47°C per decade and an overall wetting 18 
tendency with precipitation trend between 1.3 mm – 4.8 mm per decade have been found over central Asia 19 
between 1960 and 2013 (very high confidence) (Han and Yang, 2013; Li et al., 2013; Hu et al., 2014, 2017; 20 
Huang et al., 2014a; Deng and Chen, 2017; Zhang et al., 2019a, 2017; Guo et al., 2018b; Haag et al., 2019; 21 
Yu et al., 2019). 22 
 23 
Recently gridded data have been used to detect the variations in temperature and precipitation in Central 24 
Asia. Based on reanalysis data, CRU and observed data, Hu et al. (2014) showed a strong increase in near-25 
surface air temperature of 0.39℃ (ranging from 0.36℃ to 0.42℃) per decade averaged over Central Asia 26 
from 1979 to 2011. Warming is most prominent in the spring with rates ranging between 0.64℃ and 0.82℃ 27 
per decade. Hu et al. (2017) examined the temporal variation of annual precipitation over Central Asia based 28 
on GPCC V7 data. An overall increasing trend (0.66 mm per decade) is found for the entire region from 29 
1901 to 2013. Song and Bai (2016) used GPCC precipitation data to detect the spatial and temporal trend of 30 
precipitation in Central Asia from 1960 to 2013. No significant trends were observed for annual precipitation 31 
in Central Asia, while precipitation in winter displayed a significant increase (0.11 mm y–1). However, the 32 
performance of the satellite-based precipitation products vary greatly (Guo et al., 2017c). These gridded 33 
products have difficulties in accurately estimating the mountainous precipitation (Chen et al., 2019b). Guo et 34 
al. (2017) found that CMORPH and TRMM products fail to capture the precipitation events in the ice/snow 35 
covered region in winter and show great false-alarm percentage in summer. They found that satellite-only 36 
products have large systematic and random errors and that the gauge-corrected GSMAP performs better than 37 
other products with skill in reducing various type of errors. Over Central Asia, the satellite precipitation 38 
products have difficulties in accurately estimating the mountainous precipitation. Satellite-only products 39 
have large systematic and random errors (very high confidence) (Song and Bai, 2016; Guo et al., 2017c; Hu 40 
et al., 2017; Chen et al., 2019b). 41 
 42 
There is medium evidence but high agreement that agriculture intensification through oasis expansion in 43 
Xinjian region has increased summer precipitation in the Tianshan mountain (Zhang et al., 2009, 2019b; 44 
Deng et al., 2015; Guo and Li, 2015; Yao et al., 2016; Xu et al., 2018; Cai et al., 2019). However, there is 45 
very low confidence of the impact of oasis expansion on the temperature warming trend (Han and Yang, 46 
2013; Li et al., 2013; Yuan et al., 2017). 47 
 48 
There is very high confidence (robust evidence, high agreement) that the shrinking of the Aral sea has 49 
induced an increase of surface air temperature around the Aral sea region in the range of 2℃ to 6℃ (Baidya 50 
Roy et al., 2014; McDermid and Winter, 2017; Sharma et al., 2018). There is however very low confidence 51 
on its impact on precipitation (Chen et al., 2011; Jin et al., 2017). 52 
 53 
An overview of observational datasets for North, West and Central Asia is given in Table Atlas.A.1 with the 54 
corresponding domain covered, climate variable available, data type, spatial and temporal resolution and 55 
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period covered for each data set.  1 
 2 
 3 
Atlas.5.3.2.3 Assessment of model performance 4 
There is limited evidence about performance of regional climate models in representing the mean present 5 
climate of West and Central Asia subregions due to the limited number of studies on evaluating models over 6 
this region, but scientific publications on the topic are just emerging (Russo et al., 2019; Top et al., 7 
submitted) particularly from the CORDEX initiative (Giorgi et al., 2009). The evaluation of regional climate 8 
models REMO and ALARO-0 driven by ERA-Interim at 25 km resolution over the domain CORDEX-CA 9 
showed that the choice of the observational dataset has an impact on the scores but in general both models 10 
reproduce reasonably well the spatio-temporal patterns for temperature and precipitation (Top et al., 11 
submitted). The evaluation of minimum and maximum temperature demonstrates that both models 12 
underestimate the daily temperature range. The evaluation of regional climate model RegCM3 for the winter 13 
climate of Central Southwest Asia, focusing on the mean model climatology of temperature and 14 
precipitation, showed that the model driven by ERA40 reanalysis dataset can reproduce well the climatology 15 
of temperature, precipitation and storms over the region. (Syed et al., 2010) also found that RegCM3 16 
captures the observed influence of NAO and ENSO on climate, particularly in the region of northern 17 
Pakistan, Afghanistan and Kazakhstan. 18 
 19 
According to results based on implementation of the high-resolution regional climate model REMO driven 20 
by the ECHAM dataset over the region centred over Central Asia, the simulated large-scale precipitation and 21 
temperature patterns are in good agreement with observations. Results show that in the high altitudes of the 22 
mountainous regions of the study area, REMO simulates colder temperatures than observed but the pattern of 23 
simulated precipitation is quite close to observations thanks to the higher resolution of the regional model. 24 
Nevertheless, it is difficult to evaluate the performance of regional climate models, because the model 25 
simulations have a higher resolution than the observational data and station coverage is low. Those stations 26 
which exist are usually situated in valleys and not at the high elevations (Mannig et al., 2013). RegCM4.3.5 27 
simulations driven by two different global climate models adequately reproduced the observed climatology 28 
in the region with very few exceptions which are very likely due to the high topographical characteristics of 29 
the domain (Figure Atlas.28:). Results show that a cold bias occurred in air temperatures over mountainous 30 
and high plateau regions of the domain including the Himalayas and Tibetan Plateau respectively, regardless 31 
of seasons and the boundary conditions used. According to the study, this result can be explained by 32 
inadequate observational data due to a lack of climatological and meteorological stations in that region of the 33 
domain. According to the results, global models and regional climate models show better performance than 34 
the ERA-Interim reanalysis dataset with respect to observational datasets (Ozturk et al., 2017). 35 
 36 
 37 
[START Figure Atlas.28: HERE]  38 
 39 
Figure Atlas.28: Seasonal air temperature (°C, blue to red) and precipitation (mm day–1, pale green to blue) for the 40 

domain centred over Central Asia for the period 1981–2000, for ERA-Interim dataset (ERA; a–d), 41 
RegCM4.3.5 driven by the ERA-Interim (MOD; e–h) and CRU observational dataset (OBS; i–l), for 42 
spring (a, e, i), summer (b, f, j), autumn (c, g, k) and winter (d, h, l) seasons (Ozturk et al., 2017).  43 

 44 
[END Figure Atlas.28: HERE]  45 
 46 
 47 
According to a study which focuses on the evaluation of 30-year long WRF climate simulations and the 48 
comparison between three different radiation parameterization configurations over the MENA-CORDEX 49 
domain including West Asia, for most of the extent of the domain (≈ 70%), the temperature biases are lower 50 
than ± 2°C (Zittis and Hadjinicolaou, 2017) in the model simulations. Most of the mean temperature biases 51 
are related to night-time minimum temperature misinterpretations that are mostly connected to biases of the 52 
long-wave radiation fluxes of the surface. Therefore, they suggest its use for climate/weather simulations 53 
over similar environments (Zittis and Hadjinicolaou, 2017). Another study based on ERA-Interim driven 54 
COSMO-CLM simulations over the CORDEX-MENA domain (Bucchignani et al., 2016) stated that the 55 
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model proved to be very sensitive to changes in physical parameters. The optimized configuration 1 
characteristics consist in the new parameterization of albedo, based on Moderate Resolution Imaging 2 
Spectroradiometer data, and the new parameterization of aerosols, based on NASA-GISS aerosol optical 3 
depth (AOD) distributions. Mean absolute error values obtained for the considered variables are about 1.2°C 4 
for temperature, about 15 mm per month for precipitation, about 9% for total cloud cover, and about 0.6 hPa 5 
for mean sea-level pressure. COSMO-CLM is relatively able to improve the simulated main climate features 6 
of this very complex area (Bucchignani et al., 2016). The ability of the RegCM4.4 regional climate model to 7 
reproduce the observed climatology over the same domain is found sufficient especially for dry regions with 8 
an overall temperature bias of the model within ± 3.0°C. Precipitation amounts were overestimated by the 9 
RCM in almost all parts of the domain for all seasons except the Sahara Desert, the Western Sahara, and the 10 
Sahel regions with hyper-arid/arid and semiarid climates (Ozturk et al., 2018). 11 
 12 
For 22 CMIP3 models, most of them simulate warm (cold) bias over the southern (central and northern) parts 13 
of the Arabian peninsula. Similar to the temperature, the precipitation bias also varies among the CMIP3 14 
models (Almazroui et al., 2017c). A large portion of the Arabian Peninsula is dominated by the dry bias in 15 
most of the model simulations. However, some CMIP3 models also display a wet bias, especially over the 16 
south-eastern parts of the peninsula. For 30 CMIP5 models, the simulated temperature bias with respect to 17 
the surface observation indicates that overall 18 models fall within one standard deviation and 12 fall outside 18 
this range (Almazroui et al., 2017b). Over the Arabian Peninsula, a cold bias for most of the months and 19 
warm bias for summer months are reported by Lelieveld et al. (2016) in 26 CMIP5 models. The model 20 
precipitation bias with respect to the surface observation indicates that most of the models underestimate wet 21 
season precipitation and overestimate dry season precipitation with 26 models falling within one standard 22 
deviation. For the Arabian Peninsula, the evaluation of five GCMs (HadGEM2, GFDL, CNRM, CanESM2, 23 
and ECHAM6) downscaled with an RCM over the CORDEX-MENA domain identified that most models 24 
had a cold bias (of about 0.70°C) and underestimated precipitation over the Arabian Peninsula by 13% 25 
compared to observations (Almazroui, 2016). A warm (cold) bias over the south-eastern (western) parts of 26 
the peninsula is reported by Syed et al. (2019).  27 
 28 
 29 
Atlas.5.3.2.4 Assessment and synthesis of projections 30 
Individual studies based on the future climate projections using global climate model outputs over West and 31 
Central Asia countries including Armenia (Vermishev and Moir, 2015; Gevorgyan et al., 2016a), Azerbaijan 32 
(Osborn et al., 2016), Georgia (GMENR, 2015), Iran (IDOE, 2017), Iraq (Salman, Shahid, Ismail, Chung, & 33 
Al-Abadi, 2017), Tajikistan (Aalto et al., 2017) and Turkmenistan (Allaberdiyev, 2010) (for more detail see 34 
Table Atlas.A.2) stated that an increase in temperatures are expected by the end of the century. The intensity 35 
of future warming depends on season, timescale and scenario and will be approximately up to 7°C. On the 36 
other hand, there is a large uncertainty about future projections of precipitation. Results show a general 37 
decrease in precipitation and an opposite change is predicted over high-mountain regions, where 38 
precipitation is projected to increase (Aalto et al., 2017; Salman et al., 2018).   39 
 40 
Projections from the CMIP5 and CMIP6 ensembles shown in Figure Atlas.27: are for temperatures to 41 
continue to increase into the future with further annual mean warming of over 2°C by mid-century and up to 42 
6°C by the end of century under the RCP8.5 scenario (with greater warming projected by the CMIP6 43 
ensemble). Conversely there is no clear signal in precipitation. Overall, the projections by the end of the 44 
century (2081–2100) indicate little overall change, although with a tendency for reduced precipitation, 45 
particularly for the higher emission scenarios. However, regardless of the sign of precipitation change in the 46 
high-mountain regions of Central Asia, the influence of warming on the snow pack will very likely cause 47 
important changes in the timing and amount of the spring melt (Diffenbaugh et al., 2013). 48 
 49 
According to the results based on dynamical downscaling of global climate models, widespread warming 50 
will occur in the Central Asia region in the 21st century. Results of the regional climate model REMO driven 51 
by ECHAM global dataset based on the SRES-A1B emission scenario show a warming which is above the 52 
global average in the largest part of the model domain for the 2071–2100 period compared to 1971–2000. 53 
The warming peaks are projected over high elevations and the northern part of the domain during winter. On 54 
the other hand, results show a decrease in summer precipitation in the monsoonal region and an increase in 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-43 Total pages: 251 

winter precipitation over the northern part of the model domain (Mannig et al., 2013). For the highest 1 
emission scenario outputs (RCP8.5) of the regional climate model RegCM4.3.5 driven by two boundary 2 
conditions of the HadGEM2-ES and the MPI-ESM-MR global models for the 2071–2100 period, the 3 
increase in temperature will be stronger, varying from 5°C up to 8°C. In the future, a decrease in 4 
precipitation is also expected over some countries such as Turkey, Iran, Afghanistan and Pakistan (Ozturk et 5 
al., 2017). 6 
 7 
According to the results based on statistical downscaling of 18 CMIP5 general circulation models (GCMs) 8 
under RCP4.5, precipitation increases at an average rate of 4.63 mm per decade in Central Asia during the 9 
2021–2060 period relative to 1965–2004, while the temperature increases at a rate 0.37°C per decade. 10 
Results show that changes in precipitation are projected to have strong spatiotemporal differences with 11 
decreasing trends occurring in the central and southern parts of Central Asia during summer. The maximum 12 
expected warming rate appeared in the northern part of Central Asia while warming was most conspicuous in 13 
summer among all seasons (Luo et al., 2019). 14 
 15 
Based on the outputs of the five out of 28 CMIP5 models that performed best in simulating the current 16 
climate of the region, relatively strong increasing rates in annual precipitation (over 3 mm per decade in 17 
RCP2.6 and over 6 mm per decade in RCP4.5 and RCP8.5) are located over northern Central Asia and the 18 
north-eastern Tibetan Plateau (Huang et al., 2014a). 19 
 20 
According to the projections of changes in temperature and precipitation from these five GCMs for the 21 
2071–2099 period compared to the 1951–1980 baseline for the Central Asia region, warming over the land is 22 
expected to be greater than the global mean. The multi-model mean of boreal summer warming in 2071–23 
2099 is projected to be about 2.5°C and 6.5°C above 1951–1980 at 2°C and 4°C global warming levels 24 
respectively. Projections are for drier conditions over the southwest part and wetter over the northeast. At a 25 
4°C warming level, Turkmenistan and parts of Tajikistan and Uzbekistan likely receive less rain, with the 26 
multi-model mean annual precipitation dropping by about 20% and somewhat stronger relative decreases in 27 
summer (Reyer et al., 2017). 28 
 29 
Lioubimtseva and Cole (2006) examined the key uncertainties of climate change in Central Asia. Global 30 
climate models project temperatures in arid Central Asia will increase by 1°C–2°C in 2031–2050, with the 31 
greatest increases in wintertime, but some models project greater aridity in the future although others project 32 
less aridity. Yang et al. (2017) using 21 GCMs to detect future climate change in Central Asia, showed that 33 
at the end of the 21st century (2070–2099) under RCP8.5, compared to the control period (1976–2005), 34 
annual mean temperature and mean annual precipitation will rise by 4.8°C and 5.2% respectively, while 35 
mean annual snowfall will decrease by 26.5%. Luo et al. (2018) used 37 GCMs outputs statistically 36 
downscaled for precipitation and temperature in Xinjiang, China in order to define spatiotemporal 37 
characteristics of climate trends. For the 2021–2060 period, a pronounced increase of 0.27℃ to 0.51℃ per 38 
decade is projected for temperature while precipitation change is estimated to be between –1.7% to 6.8% per 39 
decade varying seasonally and spatially; a decrease of precipitation emerged in the western region of 40 
Xinjiang during summer. More extreme rainfall events are predicted to occur during summer and autumn. 41 
 42 
Results of studies for the CORDEX-MENA domain comprising West Asia have found an overall strong 43 
warming for both the RCP4.5 and RCP8.5 scenarios (Bucchignani et al., 2018; Ozturk et al., 2018). This 44 
warming is characterized by a marked seasonality, ranging from a minimum of 2.5°C in winter to a 45 
maximum of 8°C in summer. In winter and spring seasons, the largest increases were projected over high-46 
altitude areas of Turkey, northern Iran and Afghanistan, in particular over the Hindu Kush (see Atlas.5.10.1) 47 
– an 800-km long mountain range that separates climate zones B and D based on Köppen-Geiger evaluation. 48 
Large increases were also projected at the boundary between Iran and Iraq. Results of precipitation 49 
projections over subregion B and D which includes West Asia were not significant (Bucchignani et al., 50 
2018). 51 
 52 
In order to reduce knowledge gaps at the time of the AR5 on changes in climate over the Arabian Peninsula, 53 
simulations of CMIP3 and CMIP5 models were analysed (e.g. Barfus and Bernhofer, 2014; Almazroui et al., 54 
2016, 2017b, 2017c; Almazroui, 2019; Syed et al., 2019). The 30 CMIP5 models ensemble under RCP8.5 55 
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scenario displayed an increase in temperature over the Arabian Peninsula that varies spatially from 1℃ to 1 
2°C in the near future (2021–2050), and 3.4℃ to 5.0°C in the far future (2070–2099) (Almazroui et al., 2 
2017b). The ensemble of 30 CMIP5 model datasets over the Arabian Peninsula indicates an increase in 3 
temperature, higher in the northern Peninsula than the southern part (Almazroui et al., 2017a). In the 4 
northern (southern) Peninsula, the projected warming is likely to be 0.60°C (0.53°C) per decade under a 5 
high-emission (RCP8.5) scenario. Three CMIP5 models (HadGEM2, CanESM and ECHAM6) downscaled 6 
by an RCM over the CORDEX-MENA domain indicate that the number of hot days (daily maximum 7 
temperature ≥ 50°C) in the future is likely to increase and the number of cold nights (daily minimum 8 
temperature ≤ 5°C) is likely to decrease faster over the Arabian Peninsula (Almazroui, 2019). Three CMIP5 9 
models (ECHAM6, GFDL and HadGEM2) downscaled by an RCM indicate that the summer maximum 10 
average temperature over the Gulf Cooperation Council (GCC) states is not projected to exceed 52°C, while 11 
daily maximum temperature is projected to exceed 55°C in some cities in the GCC region by the end of the 12 
21st century under RCP8.5 (Almazroui, submitted). The 19 CMIP6 models indicate the continuation of 13 
increase in temperature in the future climate, increase of projected temperature is 1.6°C (1.2°C to 2.0°C) and 14 
5.3°C (4.1°C to 5.8°C) under SSP1-2.6 and SSP5-8.5 respectively at the end of 21st century with respect to 15 
the base period of 1981–2010 (Almazroui et al., submitted, a). The same higher temperature increasing in the 16 
northern peninsula (5.7°C) is projected as compared to the southern Peninsula (4.8°C) under SSP5-8.5. 17 
Under the high-emission scenario, a  higher rate of warming (0.98°C per decade) is projected for the 18 
northern peninsula as compared to the southern peninsula (0.75°C per decade). 19 
 20 
Precipitation is projected to likely decrease over the northern area of the Arabian Peninsula and increase over 21 
the southern parts. However, at the central area of the peninsula, high variability of precipitation is projected. 22 
At the annual scale, it is very likely that precipitation will decrease (increase) at the rate of −0.14% (3.0%) 23 
per decade for RCP8.5 in the northern (southern) Arabian Peninsula (Almazroui et al., 2017a). For SSP1-2.6 24 
and SSP5-8.5, precipitation is projected to increase by 1.1 % (–2.6 to 40.8%) and 28.4 % (12.0 to 125.8%) 25 
respectively over the Arabian Peninsula at the end of 21st century while the north-western region is projected 26 
to get less precipitation and the southern region is projected to get more precipitation (Almazroui et al., 27 
submitted, a). The largest increase is projected over the southern peninsula (8.6% per decade), while for the 28 
north-western part a decrease is projected with maximum change (-30% to 50%). The results of CMIP6 are 29 
in line with the results of CMIP3 and CMIP5, however for precipitation the variability in the central area is 30 
less in case of CMIP6 models as compared to CMIP5. The uncertainty associated with precipitation over the 31 
Arabian Peninsula is large because of very low annual amounts and high variability. In a recent study, 32 
Almazroui and Saeed (2020) found that, irrespective of the frequency, projected extreme precipitation events 33 
are likely to intensify over the peninsula. 34 
 35 
Table Atlas.A.2 gives on overview of national and other climate change assessments for the countries in 36 
North, West and Central Asia. Country specific assessments have different reference periods and time 37 
horizons for projected climate change. These also vary in terms of the emissions scenarios used.   38 
 39 
 40 
Atlas.5.3.3 North Asia 41 
 42 
Regional executive summary 43 
 44 
Annual surface air temperature very likely has increased over most territories of North Asia based on 45 
observational datasets. The most pronounced warming has been found in spring in East Siberia and over 46 
the Russian Far East, strengthening from the South to North territories of the sub-regions with linear trend 47 
0.8°C-1.2°C per decade for the 1976–2014 period (high confidence). Temperature decrease was identified 48 
just in winter in the southern part of Western and Eastern Siberia likely due to midlatitude circulation 49 
variability, but the decrease has moderated from –0.6°C per decade for 1976–2012 to –0.3°C per decade for 50 
the longer 1976–2018 period due to warmer winters in the last years (high confidence). {Atlas.5.3.3.2} 51 
 52 
Annual precipitation sums very likely have increased over the most territory of North Asia based on 53 
observational datasets. The highest precipitation increase predominantly was observed over some regions 54 
of Siberia and the Russian Far East with estimated trends of 5–15 mm per decade for the 1976–2014 period 55 
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(medium confidence). The decrease in annual precipitation sums was observed to be up to –20 mm per 1 
decade for the 1976–2014 period over the southern and north-eastern parts of the Russian Far East, namely 2 
over the Kamchatka and the Chukchi Peninsulas (medium confidence). {Atlas.5.3.3.2} 3 
 4 
Most of the CMIP5 GCMs overestimate the annual mean air temperature and precipitation over the 5 
North Asia region (medium confidence). The biases in the simulated annual surface air temperature 6 
primarily comes from winter (DJF) season, while the model biases in other seasons are relatively smaller 7 
(medium confidence). Most of the GCMs are able to represent the observed decadal temperature trend 8 
(medium confidence), but CMIP5 GCMs fail to capture the decreasing temperature trend over the southern 9 
East Siberia in winter (high confidence). {Atlas.5.3.3.3} 10 
 11 
Surface air temperature and precipitation in the North Asia region are projected to further increase 12 
based on CMIP5/CMIP6 projections (medium confidence). Temperature change is projected in the range 13 
from 3°C in summer to 4.9°C in winter based on RCP4.5 scenario, and from 5.6°C in summer to 9.7°C in 14 
winter based on RCP8.5 scenario, whereas the projected precipitation increase is 9–22% (summer-winter in 15 
RCP4.5) and 9–56% (summer-winter in RCP8.5) for the 2080–2099 period comparatively to the 1981–2000 16 
period (medium confidence). {Atlas.5.3.3.4} 17 
 18 
 19 
Atlas.5.3.3.1 Key features of the regional climate and previous findings from IPCC assessments 20 
Key features of the regional climate 21 
The North Asia region, extending from the Tibetan plateau to the Arctic and mostly covering the interior of a 22 
large continent, is mainly influenced by weather systems coming from the west or south, giving some 23 
dependency on the atmospheric angular momentum (AAM) and the North Atlantic Oscillation/Northern 24 
Annular Mode (NAO/NAM), with associated atmospheric blocking as an additional phenomenon of 25 
influence related to the latter. In particular, the variability and long-term change of the climate system in the 26 
region are closely related to variations of the NAO and NAM. In addition, weather and climate of the region 27 
are strongly influenced by the Siberian High that exhibited a pronounced decadal-to-multidecadal variability 28 
with a recent (1998 to 2012) strengthening and northwest-ward expansion. As part of the polar amplification, 29 
large warming trends (particularly strong in the cold season November to March) were observed in North 30 
Asia in recent decades associated with increasing trends of heavy precipitation events (Christensen et al., 31 
2013).  32 
 33 
The climatic region defined as North Asia lies from the Ural Mountains in the west to the Pacific Ocean in 34 
the  east and from the Russian Arctic [RAR] in the  north to West and Central Asia [WCA], Tibetan Plateau 35 
[TIB] and East Asia [EAS] in the  south. In AR6 it includes three subregions in the reference regions (see 36 
Figure Atlas.2:):  37 
 38 

 [WSB] West Siberia has a continental type of climate with warm summers and cold winters. 39 
 [ESB] East Siberia is characterized by the severely continental climate with harsh, long winters and 40 

short, hot summers. This region is influenced by high atmospheric pressure areas and there is a high 41 
amplitude in daily and seasonal temperature variations. 42 

 [RFE] Russian Far East is a monsoon-influenced region with cold winters and wet summers in the 43 
south and cold winters almost without precipitation in the north. 44 

 45 
The most recognizable features of the region are boreal forests and permafrost. Substantial permafrost 46 
carbon exists below 3 m depth. Deep carbon (> 3 m) has been best quantified for the Yedoma region of 47 
Siberia, characterized by wind- and water-moved permafrost sediments tens of meters thick. The Yedoma 48 
region covers a 1.4 x 106 km2 area that remained ice-free during the last Ice Age and accounts for 327–466 49 
Pg C in deep sediment accumulations below 3 m (SROCC; IPCC, 2019b). Permafrost thaw and loss of 50 
ground ice due to warming causes the land surface to subside and collapse into the volume previously 51 
occupied by ice, resulting in disturbance to overlying ecosystems and human infrastructure. Ice rich 52 
permafrost areas where impacts of thaw could be the greatest include not only the Yedoma deposits but 53 
Gydan peninsulas of West Siberia, and smaller portions of Eastern Siberia contain buried glacial ice bodies 54 
of significant thickness and extent (SROCC).  55 
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 1 
WGII AR5 and SR1.5 (IPCC, 2018a) identified Siberian ecosystems in Asia as one of the threatened systems 2 
(Reason for Concern 1 – RFC1), where impacts accrue with greater warming and impacts at 2°C are 3 
expected to be greater than those at 1.5°C with medium confidence. 4 
 5 
The aridisation of the climate has been identified in the south of Eastern Siberia between 1976 and 2016 that 6 
caused an extension of the steppes polewards with corresponding migration of mammal species. In the forest 7 
areas of the subregion, both positive and negative effects of climate change have been observed recently.  8 
There has been an increase in forest productivity in most of boreal Siberia due to the extension of the 9 
vegetation period. At the same time, there has been a decrease in forest productivity due to increased risk of 10 
wildfire, natural disturbances and tree mortality caused by migrating insects and other tree diseases (SRCCL; 11 
IPCC, 2019a). 12 
 13 
 14 
Previous findings from IPCC assessments 15 
 16 
In the previous IPCC assessment cycles three subregions defined in the current AR6 as North Asia merged 17 
with East Europe and partly Arctic subregions and were considered as either Northern Eurasia, or Russia in 18 
AR4/AR5. Analysis of North Asia together with Arctic is appropriate particularly for river discharge since 19 
the main rivers of Arctic drainage flow over West and East Siberia.  20 
 21 
In WGI AR5 (IPCC, 2013b) for the Arctic drainage areas, it was found that upward trends in streamflow 22 
were not accompanied by increasing precipitation, especially over Siberia, based on available observations. 23 
Observation data are known to be sparse and exhibit large cold-season biases in the Arctic drainage areas 24 
and hence there are large uncertainties in using these datasets to investigate the influence of precipitation on 25 
streamflow. Surface water area reduction has been observed in discontinuous permafrost of central and 26 
southern Siberia. Increased evaporation from warmer/longer summers, decreased recharge due to reductions 27 
in snow melt volume, and dynamic processes such as ice-jam flooding are important considerations for 28 
understanding observed surface water area change across the Arctic (SROCC). In AR5 WGII, although the 29 
most evident flood trends appear to be in northern high latitudes, where observed warming trends have been 30 
largest, in some regions no evidence of a trend in extreme flooding has been found, e.g. over Russia, based 31 
on daily river discharge. Other studies for Asia show varying trends in the magnitude and frequency of 32 
floods and there is currently no clear and widespread evidence for observed changes in flooding except for 33 
earlier spring flows in snow-dominated regions. 34 
 35 
SROCC has concluded that boreal forest vegetation shows trends of both greening and browning over 36 
multiple years in different regions in satellite records (high confidence). Here, patterns of changing 37 
vegetation are a result of direct responses to changes in climate (temperature, precipitation and seasonality) 38 
and other driving factors for vegetation (nutrients, disturbance) similar to what has been reported in tundra. 39 
While boreal forest may expand at the northern edge, climate projections suggest that it could diminish at the 40 
southern edge and be replaced by lower biomass woodland/shrublands (medium confidence). Furthermore, 41 
changes in fire disturbance are leading to shifts in landscape distribution of early and late successional 42 
ecosystem types. Fires that burn deeply into the organic soil layer can alter permafrost stability, hydrology 43 
and vegetation. Loss of the soil organic layer exposes mineral soil seedbeds, leading to recruitment of 44 
deciduous tree and shrub species that do not establish on organic soil. This recruitment has been shown to 45 
shift post-fire vegetation to alternate successional trajectories of increasing deciduous forest at the expense of 46 
evergreen forest in Russian boreal forests (medium confidence). 47 
 48 
In WGI AR5, North Asia is considered together with Central Asia in the regional chapter (Christensen et al., 49 
2013). The CMIP5 models generally have difficulties in representing climatological means of both 50 
temperature and precipitation for the sub-regions represented in this area, which is partly related to the 51 
coarse resolution that is not able to resolve the complex mountainous terrain on the south border of the 52 
region. But the scarceness of observational data in northern parts of the region and issues related to 53 
estimation of biases with coarse resolution models add to the uncertainty in the model results (Christensen et 54 
al., 2013).  55 
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 1 
SREX (IPCC, 2012) indicate increases in all precipitation extreme indices for northern Asia. These 2 
projections are supported by CMIP5 model results under different RCP scenarios. CMIP5 projections over 3 
North Asia show that temperatures will rise more in boreal winter (DJF) than in boreal summer (JJA).  4 
 5 
In North Asia, all CMIP5 models project an increase in precipitation in both the winter half year and summer 6 
half year. The ability of these CMIP5 models to simulate precipitation over this region varies. There is a 7 
reasonable level of agreement in model projections of precipitation to be positive and significantly above the 8 
20-year natural variability, and therefore this suggests that there is medium confidence in the sign of the 9 
projected change in future precipitation. In summary, all the areas are projected to warm and there is a 10 
stronger than global mean warming trend projected for northern Asia during winter. Precipitation in northern 11 
Asia will very likely increase, and extreme precipitation events will likely increase (Christensen et al., 2013). 12 
 13 
 14 
Atlas.5.3.3.2 Assessment and synthesis of observations, trends and attribution 15 
Based on observational datasets from the All-Russian Institute for Hydrometeorological Information 16 
(RIHMI-WDC), Institute of Global Climate and Ecology (IGCE), HadCRUT and Hadley/CRU, temperature 17 
increase has been observed since the mid 70s of the 20th century over the whole territory of North Asia (the 18 
Asian territory of Russia: Western Siberia, Eastern Siberia and the Russian Far East) (Frolov et al., 2014), 19 
and especially over the north-eastern part of Russia (Gruza et al., 2015) (see also Figure Atlas.29:). More 20 
intense climate warming was observed in spring in East Siberia and over the Russian Far East, strengthening 21 
from south to north territories with linear trend of 0.8°C–1.2°C per decade for the 1976–2014 period (Frolov 22 
et al., 2014; Ippolitov et al., 2014; Kokorev and Sherstiukov, 2015). Trends of annual averaged temperature 23 
in the northern part of the region during the last decades were twice as strong as that averaged over the globe 24 
(Frolov et al., 2014; Mokhov, 2015; Sherstyukov, 2016). This tendency has been accompanied by winter 25 
cooling in mid-latitude regions and well-pronounced in Western and Eastern Siberia, especially in its 26 
southern part (Cohen et al., 2014; Ippolitov et al., 2014; Gruza et al., 2015; Kharyutkina et al., 2016; 27 
Overland et al., 2016; Perevedentsev et al., 2017; Wegmann et al., 2018). This phenomenon has been called 28 
‘warm Arctic – cold Eurasia (Siberia)’ or WACE (WACS) – the appearance of a cold anomaly over Siberia 29 
was observed in conjunction with warming over the Arctic region (see Section Atlas.5.9.2), in particular over 30 
the Barents-Kara sea region, where the last 15 years warming trend is larger than 2.5°C per decade (Outten 31 
and Esau, 2012; Semenov et al., 2012; Overland et al., 2016; Semenov, 2016; Wegmann et al., 2018; 32 
Meleshko et al., 2019; Susskind et al., 2019). While the temperature decrease is strongly correlated with the 33 
Barents-Kara sea ice loss, recent studies by (Blackport et al., 2019; Clark and Lee, 2019) have shown that 34 
both phenomena are caused by a midlatitude circulation variability. Negative temperature trends in winter in 35 
Siberia were also observed in the whole troposphere for the 1981–2010 period based on radiosonde 36 
observations (Komarov et al., 2010). However, the trend of winter temperature decrease has moderated in 37 
recent years, from –0.6°C per decade for the 1976–2012 period to –0.3°C per decade for the 1976–2018 38 
period (Frolov et al., 2014; ROSHYDROMET, 2019). Extremality of cold days has also strengthened in the 39 
south of Siberia, but in general, the total number of days with frost became less and in spring the situation 40 
was reversed. The tendency to warming extends over the whole Asian territory of Russia and reached values 41 
of 1.2°C per decade, compensating the cooling in winter (Frolov et al., 2014). Temperature trends and means 42 
derived from reanalysis datasets (JRA-25, MERRA) correctly represented temperature variability shown in 43 
observational data over the Asian territory of Russia for the 1976–2010 period (Loginov et al., 2014). 44 
 45 
Precipitation increased over the whole territory with a mean trend of 0.8 mm/month per decade for Russia in 46 
the 1976–2012 period (Frolov et al., 2014). The highest precipitation increase predominantly was observed 47 
over some regions of Siberia and the Russian Far East with estimated trends of 5–15 mm per decade for the 48 
1976–2014 period (Kokorev and Sherstiukov, 2015) or 5% per decade for the 1976–2018 period 49 
(ROSHYDROMET, 2019), which is also seen in Figure Atlas.29:. Decreasing tendency was observed in the 50 
centre of Western Siberia, in the north of Eastern Siberia, the Baikal and Transbaikal regions, the Amur 51 
River region and Primorye territories. The highest decrease in annual precipitation sums was observed over 52 
the southern and north-eastern part of the Russian Far East namely over the Kamchatka and the Chukchi 53 
Peninsulas up to –20 mm per decade for the 1976–2014 period (Kokorev and Sherstiukov, 2015) or 15–20% 54 
per decade for the 1976–2018 period (ROSHYDROMET, 2019). 55 
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 1 
Over North Eurasia, the number of days with light precipitation has decreased but moderate, heavy, and very 2 
heavy precipitation have increased, enhancing the amount and intensity of precipitation over the 1951–2010 3 
period (Wen et al., 2014). The growth of precipitation intensity maxima was most evident in Yakutia for the 4 
warm season (Khlebnikova et al., 2019b). The largest increase in precipitation was over the southern part of 5 
Russian Far East mostly due to positive changes in convective precipitation intensity in the region that has 6 
increased by over 1 mm per day per decade, implying a 13.8% increase per 1°C warming over the 1966–7 
2016 period (Chernokulsky et al., 2019). Other studies have shown this major role of convective 8 
precipitation in the increase in precipitation intensity and extremes over Northern Eurasia (Ye et al., 2017a). 9 
In the central part of Western Siberia, frozen precipitation and the frequency of freezing rain increased while 10 
freezing drizzle frequency decreased over entire Russia (Groisman et al., 2016). Showery precipitation 11 
dominates in Northern Eurasia over the 1966–2016 period (Chernokulsky et al., 2019) and the amount of 12 
solid precipitation predominantly decreased. Total number of days without precipitation rose almost over the 13 
whole territory in winter, and in summer in the Kamchatka Peninsula and Chukchi Peninsula (Frolov et al., 14 
2014). Based on All-Russian Institute for Hydrometeorological Information data, over the 1966–2010 15 
interval, the longest dry day periods (up to 14.6 days) were observed along the southern border of Siberia in 16 
winter. Significant positive changes in consecutive dry days over the 1991–2015 period (relative to 1966–17 
1990) were identified in the southern parts of Eastern Siberia and in most of the Russian Far East. At the 18 
same time, the zone of significant negative changes was clearly pronounced in Eastern Siberia (Ye, 2018).  19 
 20 
Figure Atlas.29: shows observations based on three datasets for annual mean temperature (a) and 21 
precipitation (b) trends. Significant warming is evident in the northern regions of North Asia. Precipitation 22 
changes are mostly not significant except for increasing trends in the eastern regions.  23 
 24 
 25 
Atlas.5.3.3.3 Assessment of model performance 26 
In order to assess model performance, gridded datasets as reference values should be evaluated against 27 
observations first. For seasonal values, ERA-Interim reanalysis data underestimate mean temperature over 28 
North-East Asia in spring (MAM), autumn (SON), and winter (DJF) and overestimate it in summer (JJA). 29 
The data set also underestimates summer (JJA) precipitation and shows large wet biases over North-East 30 
Asia during spring compared with CRU dataset (Ozturk et al., 2017; Top et al., submitted).  31 
 32 
In terms of the main synoptic processes affecting North Asia, GCMs are able to capture the temporal 33 
evolution of the Siberian High (SH) over the historical 1872–2005 period for both magnitude and position. 34 
On decadal and multi-decadal time scales, the CMIP5 multi-model ensemble also captures the pronounced 35 
reduction (between the 1981–2000 and 1881–1900 periods) and the recovery (during the 1991–2005 period) 36 
of the SH intensity (Fei and Yong-Qi, 2015). Both CMIP3 and CMIP5 indicate a weakening of intensity of 37 
the winter SH and a strengthening of the interannual variability compared to the historical period (Lupo and 38 
Kininmonth, 2013; Fei and Yong-Qi, 2015). The main blocking characteristics of the current climate 39 
obtained from reanalysis data, including number of blocking events and their duration, intensity and 40 
frequency in the region was reasonably well reproduced by GCMs (Mokhov et al., 2014). However, GCMs 41 
do not sufficiently simulate the Northern Hemisphere Eurasian warming pattern (Lupo and Kininmonth, 42 
2013) and most of the GCMs overestimate the annual mean temperature over Northern Eurasia (high 43 
confidence). Generally, the bias in the simulated annual surface air temperature simulation primarily comes 44 
from winter (DJF) season, while the model biases in other seasons are relatively smaller (Miao et al., 2014; 45 
Peng et al., 2019). Most of the GCMs can approximate the decadal SAT trend, but the accuracy of annual 46 
SAT simulation is relatively low (Miao et al., 2014). Moreover CMIP5 GCMs fail to capture the decreasing 47 
temperature trend over East Siberia (Fei and Yong-Qi, 2015). For CMIP5, models with higher resolution do 48 
not always perform better than those with lower resolutions (Miao et al., 2014). 49 
 50 
The performance of 16 CMIP5 models in simulating SAT variability over Eurasia in the 20th century was 51 
evaluated with respect to CRU observations for permafrost subregions (Peng et al., 2019). Results show 52 
warm bias in the northwest of Eurasia when both CMIP5 ensemble averages and CRU observations 53 
demonstrate climate warming over the 20th century, with acceleration during the late 20th century. Further, 54 
CMIP5 GCMs generally underestimate daily temperature range (DTR) compared with observations over 55 
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north-eastern Russia (Sillmann et al., 2013a). In winter, the Northern Hemisphere is dominated by a large 1 
decrease (reaching as low as –2.7°C) in DTR north of approximately 45°N (Lindvall and Svensson, 2015).  2 
 3 
Analysis of CMIP5 models against observations (HadEX2) shows warmer temperature extremes than the 4 
models and reanalysis and underestimates dry day index compared to observations (Sillmann et al., 2013a). 5 
 6 
Currently, there are only a few studies that analyse CMIP6 models performance in comparison with CMIP5 7 
in the region. A GCM from CMIP6 (BCC-CSM2-MR) show cold biases amplified at high latitudes in the 8 
Northern Hemisphere, in particular in Siberia, compared with CMIP5 (Voldoire et al., 2019). In another 9 
GCM (CNRM‐CM6‐1) from CMIP6, warm bias over Siberia is amplified in winter but in summer biases are 10 
much smaller than in CMIP5 (Wu et al., 2019).  11 
 12 
There is limited work on the use of regional climate models for the North Asia region. CORDEX-CAS has 13 
almost full cover of North Asia except parts of Russian Far East, and the ARCTIC-CORDEX domain covers 14 
the northern regions. For CORDEX-CAS three RCMs (REMO, ALARO-0 and CLMcom) with different 15 
boundary conditions were applied. Results show that RCMs have warmer biases for maximum temperatures 16 
and colder biases for minimum temperatures (Top et al., submitted). The models also have a wet bias for 17 
precipitation in the north during the winter months compared with the CRU data. Rain gauges, however, are 18 
known to have problems in terms of measuring properly solid precipitation, e.g. drifting snow, and this can 19 
greatly affect the accuracy of the CRU dataset over Northern Asia (Harris et al., 2014). 20 
 21 
 22 
Atlas.5.3.3.4 Assessment and synthesis of projections 23 
Projections from the CMIP5 and CMIP6 ensembles shown in Figure Atlas.29: are for temperatures to 24 
continue increasing into the future with further warming of over 2°C–3°C by mid-century. Temperature 25 
change will be up to 8°C in northern regions by the end of the 21st century under the higher emissions future 26 
(with greater warming projected by the CMIP6 ensemble). Similarly, annual precipitation is projected to 27 
continue increasing, by up to 30% more, by the end of the century with higher emissions.  28 
 29 
Looking across a range of emissions futures, CMIP5 projections of temperature increases over Northern 30 
Eurasia in the 21st century are 1.03°C per 100 years, 3.11°C per 100 years and 7.14°C per 100 years under 31 
the RCP2.6, RCP4.5 and RCP8.5 scenarios, respectively (Miao et al., 2014). Another study for permafrost 32 
sub-regions in Eurasia by (Peng et al., 2019) indicate that the RCP2.6, RCP4.5 and RCP8.5 scenarios exhibit 33 
statistically significant increases in annual temperature during the 21st century at a rate of 0.08°C, 0.23°C 34 
and 0.72°C per decade during the 2006–2100 period, respectively, resulting in an increase of ensemble area-35 
averaged mean SAT for the 2081–2100 period relative to the 1986–2005 period of 1.68°C (RCP2.6), 3.18°C 36 
(RCP4.5), or 6.41°C (RCP8.5). This confirms that the warming rate of SAT in permafrost regions is faster 37 
than global and in non-permafrost regions. 38 
 39 
Projected future changes in the number of dry days can both amplify and damp precipitation intensity growth 40 
expected in the process of climate warming (Sillmann et al., 2013c). Since precipitation is projected to 41 
increase and the internal and inter-model uncertainties are relatively small at both annual and seasonal scales, 42 
North Asia is projected to experience a decrease in dry extremes, such as decreases in days without 43 
precipitation and the CDD index (Sillmann et al., 2013c). Further, increased extreme precipitation events and 44 
increased flood risk are projected over the region (high confidence) (Shkolnik et al., 2018; Khlebnikova et 45 
al., 2019c). 46 
 47 
Studies on the projection of blocking in the 21st century using two scenarios RCP2.6 and RCP8.5 showed a 48 
general increase in the blocking frequency and intensity for the Euro-Atlantic region in all seasons. There is 49 
also an increasing likelihood of extreme winter and summer conditions due to the total blocking duration 50 
longer than seven weeks. Changes of the opposite sign are characteristic for the Northern Hemisphere as a 51 
whole with no change in the interannual or interdecadal variability (Lupo and Kininmonth, 2013; Mokhov et 52 
al., 2014). 53 
 54 
As for regional climate models, North Asia is partly included with the Arctic (northern parts) and Central-55 
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Asia (almost all territory except part of the Russian Far East) in CORDEX domains. Regional climate 1 
modeling projections developed at MGO (Voeikov Main Geophysical Observatory) for the Arctic-CORDEX 2 
domain for RCP8.5 scenario show changes in the temperature-precipitation indices for the 2006–2100 period 3 
relative to the 1951–2005 period. In wintertime, there is a) a decrease of wintertime duration and in the 4 
number of degree-days with negative air temperature; b) a decrease in the number of very cold days with air 5 
temperature below –30°C; and c) an increase in total annual precipitation. Further, there is an increase in 6 
summertime extremes and in the number of days with hot weather. There is also an increase in the storm 7 
activity and precipitation intensity (Khlebnikova et al., 2018). For the Central Asia CORDEX domain, which 8 
includes North Asia, RegCM4.3.5 simulations driven by two different CMIP5 global climate models 9 
(HadGEM2-ES and MPI-ESM-MR) for two scenarios (RCP4.5 and RCP8.5) and three time slices (2011–10 
2040, 2041–2070, and 2071–2100) with respect to the 1971–2000 reference period were analysed (Ozturk et 11 
al., 2017). The warming trend is projected to intensify and will increase by about 3-4°C during the summer 12 
season in all parts of the region for the 2071–2100 period for RCP4.5 and by more than 7°C for almost all 13 
parts of the domain and for all seasons for RCP8.5. Warming will be most evident at the large continental 14 
Siberian Plateau with boreal and sub-boreal climates and biomes (i.e., taiga forests and tundra) during the 15 
winter season. In almost all seasons and for all future periods, precipitation in Siberia will not change with 16 
respect to the reference 1971–2000 period, except in the RCP8.5 scenario for the winter and autumn seasons 17 
(Ozturk et al., 2017). 18 
 19 
Over the whole territory of Russia, MGO RCM simulations using five CMIP5 GCMs as boundary conditions 20 
for RCP8.5 scenario show relatively faster increase in the upper limit of predicted variations in the annual 21 
minimum temperature as compared with maximum temperature for the 2050–2059 and 2090–2099 periods 22 
relative to the 1990–1999 period. For precipitation, results show a significant increase in the upper limit of 23 
the variation range of intense precipitation over most of the region in winter and a decrease in summer over 24 
East Siberia (Kattsov et al., 2017b). Assessment of future forestry conditions with the same RCM MGO for 25 
RCP8.5 and RCP4.5 scenarios shows the smallest change in the sum of active temperatures (i.e., over 5°C, 26 
10°C and 15°C when different types of vegetation start to grow) expected in the area of northern taiga in 27 
Western and Eastern Siberia in the 2090–2099 period relative to the 1990–1999 period (Torzhkov et al., 28 
2019). 29 
 30 
Further, a maximum increase in rare annual temperature maxima by the end of the 21st century is projected 31 
in the south of European Russia as well as in the southern regions of the Urals and West Siberia. During the 32 
cold season, the variability of extremes is reduced (to 30% of base values for the 1990–1999 period) in most 33 
of Siberia and the Russian Far East. The growth of annual minima variability is projected in Chukotka (to 34 
20%) and a slight increase (5–10%) is projected in the southern regions of Western Siberia and in the south 35 
west of European Russia (Khlebnikova et al., 2019a).  36 
 37 
 38 
[START Figure Atlas.29: HERE] 39 
 40 
Figure Atlas.29: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 41 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 42 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 43 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 44 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 45 
over this period.  46 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 47 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 48 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 49 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 50 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 51 
2018). 52 
(g–j) Regional mean changes in annual mean surface air temperature and precipitation for the four 53 
North Asia regions (RAR, WSB, ESB and RFE). The top row shows the median (dots) and 10th–90th 54 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 55 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 56 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 57 
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reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 1 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 3 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 4 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 5 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-6 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  7 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 8 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 9 

 10 
[END Figure Atlas.29: HERE] 11 
 12 
 13 
Atlas.5.3.4 Southeast Asia 14 
 15 
Regional executive summary  16 
 17 
El Niño events have strongly influenced observed warming over Southeast Asia (medium confidence). 18 
However, there is low confidence in the exact effect of El Niño on mean, extreme, and night time 19 
temperatures.  {Atlas.5.3.4.2} 20 
 21 
There has been an increase in maximum daily precipitation during La Niña events over Southeast 22 
Asia (medium confidence).  Changes in daily mean precipitation are less spatially coherent (low confidence) 23 
and the effect of ENSO variability on extreme precipitation trends vary between subregions (one day 24 
extreme rainfall decreasing over the Maritime Continent and increasing over Indochina and Thailand) (low 25 
confidence). {Atlas.5.3.4.2} 26 
 27 
Temperature is projected to increase over Southeast Asia by at least 3°C by the end of the 21st century 28 
under the RCP8.5 scenario (very likely).  This regional warming is consistent across CORDEX, CMIP5 29 
and CMIP6 ensembles. {Atlas.5.3.4.4} 30 
 31 
Projected changes in rainfall over Southeast Asia will be season dependent with significantly drier 32 
conditions over most regions during boreal summer (June, July, August) (medium confidence) at the 33 
end of the 21st century under the RCP 8.5 scenario.  Over Indonesia, a 20-30% decrease in mean rainfall 34 
is very likely.  During boreal winter (December, January, February) there will be an increase in mean rainfall 35 
over Indochina and the Philippines while there is a drying tendency over the Maritime Continent (medium 36 
confidence).  {Atlas.5.3.4.4} 37 
 38 
 39 
Atlas.5.3.4.1 Key features of the regional climate and findings from previous assessments 40 
Key features of the regional climate 41 
The Southeast Asia (SEA) region is composed of countries that are part of Indochina (or Mainland Southeast 42 
Asia) and countries that are very archipelagic in nature and have strong land-ocean-atmosphere interactions, 43 
including those that are part of the maritime continent. Rainfall seasonal variability in the region is affected 44 
by tropical cyclones from the Northwest Pacific and the synoptic scale monsoon systems (northeast and 45 
southwest) while intraseasonal variability can be influenced by the Madden-Julian Oscillation (MJO). 46 
Temperature and especially rainfall are also affected by the El Niño-Southern Oscillation (ENSO).  47 
 48 
Previous findings from IPCC assessments 49 
A key finding of the AR5 is the lack of sufficient observational records to allow for full understanding of 50 
precipitation trends over the past century in most of the Asian region, including SEA and that precipitation 51 
trends that are available differ vastly across the region and between seasons. Still, WGI AR5 showed that the 52 
mean annual temperature of SEA has been increasing at a rate of 0.14°C to 0.20°C per decade since the 53 
1960s, along with an increasing number of warm days and nights, and a decreasing number of cold days and 54 
nights. 55 
 56 
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On projected changes in climate, the AR5 showed future increases in precipitation extremes related to the 1 
monsoon that are very likely in SEA. Further, the annual total wet-day rainfall and rainfall from extreme 2 
rainy days have increased by 22 mm and 10 mm per decade, respectively and the ratio of rainfall in wet to 3 
dry season in SEA have also increased between 1955 and 2005. Findings of the AR5 also show that the 4 
frequency of extreme rainfall events has been increasing in the northern parts of SEA, although it is 5 
decreasing in Myanmar. In SR1.5, there is a projected increase in flooding and runoff over Southeast Asia 6 
for a 1.5 to 2°C global warming, and these will increase even more for a greater than 2°C level of warming. 7 
 8 
Findings from WGII AR5 also showed warming is very likely in the mid- and late-21st century over all land 9 
areas of Asia based on CMIP5 simulations under all four RCP scenarios. For SEA in particular, WGII AR5 10 
assessed that, under the RCP8.5 scenario, the ensemble-mean changes in mean annual temperature over the 11 
region will likely exceed 3°C above the late 20th-century baseline in the late 21st century. 12 
 13 
 14 
Atlas.5.3.4.2 Assessment and synthesis of observations, trends and attribution 15 
Within the last decade, there has been an increasing number of studies on climatic trends over Southeast 16 
Asia. These studies were either carried out on regional basis (Thirumalai et al., 2017; Cheong et al., 2018) or 17 
focused on specific countries (Cinco et al., 2014; Villafuerte et al., 2014; Mayowa et al., 2015; Villafuerte 18 
and Matsumoto, 2015; Guo et al., 2017b; Sa’adi et al., 2017; Supari et al., 2017).  19 
 20 
Temperatures are strongly influenced by ENSO in the region, including extreme temperatures. Thirumalai et 21 
al. (2017) reported that almost all April extreme temperatures occur in El Niño years and that global 22 
warming contributed to about half of the warming observed in 2016. In most of Southeast Asia (except for 23 
the north-eastern areas), Cheong et al. (2018) detected an increase in the number of warm nights with El 24 
Niño episodes within the period of 1972–2010. Over the Philippines, the largest positive anomaly in mean 25 
temperatures since the 1960s occurred in 1998 at the end of a strong El Niño event (Cinco et al., 2014). 26 
 27 
Changes in mean precipitation are less spatially coherent over Southeast Asia. Over Thailand, Limsakul and 28 
Singhruck (2016) analysed station data and concluded that on the average, rain day events have decreased by 29 
a rate of –0.99 days/decade while simple daily intensity has increased by 0.17mm/day per decade. The 30 
increase in rainfall extremes and annual total wet-day rainfall are consistent with AR5 findings.  31 
 32 
As with temperature, precipitation is also affected by ENSO events. There has been a significant increase in 33 
the amount of maximum daily precipitation with La Niña episodes in 1972–2010, especially during the 34 
winter monsoon period between December and February (Cheong et al., 2018). Over the Maritime Continent 35 
and Thailand, the likelihood of extreme rainfall events and greater amounts of precipitation are higher during 36 
La Niña and lower during El Niño years (Villafuerte and Matsumoto, 2015; Limsakul and Singhruck, 2016).  37 
 38 
Figure Atlas.30: shows changes in mean temperature and precipitation relative to a baseline period 1980-39 
2014 for three datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP 40 
for precipitation). Observation data show that there has been a significant overall warming over SEA with 41 
higher rates of warming in Malaysia, Indonesia, and the southern areas of mainland Southeast Asia.  42 
Precipitation trends, however, over the region are mostly not significant except for southern Philippines, 43 
Malaysia, and East Kalimantan Indonesia. 44 
 45 
It is important to note that the availability, quality, and temporal and spatial density of observation data can 46 
introduce uncertainties to the detected changes in historical climate. This may lead to varying results because 47 
of the uncertainty in the temporal and spatial characteristics of observations in the region. Juneng et al. 48 
(2016) showed root mean square differences (RMSD) in precipitation values of up to 8 mm/day when 49 
comparing four different observation datasets available for Southeast Asia. 50 
 51 
 52 
 53 
 54 
 55 
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[START Figure Atlas.30: HERE] 1 
 2 
Figure Atlas.30: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018). 14 
(g) Regional mean changes in annual mean surface air temperature and precipitation for the Southeast 15 
Asia region. The left plot shows the median (dots) and 10th–90th percentile range across each model 16 
ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) and two 17 
scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the additional 18 
warming projected relative to the historical baseline 1995–2014 period to reach the two global 19 
warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three time 20 
periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 21 
same historical baseline period. The right plot shows a scatter diagram of temperature against 22 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 23 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 24 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 25 
are absolute for temperature and relative for precipitation.  26 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 27 
be generated in the Interactive Atlas for flexibly defined seasonal periods.)  28 

 29 
[END Figure Atlas.30: HERE] 30 
 31 
 32 
Atlas.5.3.4.3 Assessment of model performance 33 
Compared to AR5, the number of publications on climate modelling and projections have greatly increased 34 
for Southeast Asia. However, there are difficulties in validating high-resolution simulations due to the 35 
inadequacies of coarse-scale observed gridded datasets (Van Khiem et al., 2014) or, as previously 36 
mentioned, the uncertainties in the observations themselves (Juneng et al., 2016). Some efforts have been 37 
done to produce better observationally-based gridded datasets for the region (e.g. APHRODITE2; Nguyen-38 
Xuan et al., 2016; SA-OBS; van den Besselaar et al., 2017). 39 
 40 
Regional climate models (RCMs) have been intensively used over this region in recent years. There is high 41 
confidence that RCMs can reproduce reasonably well seasonal climate patterns of temperature, precipitation 42 
and large-scale circulation over the different subregions of SEA (Van Khiem et al., 2014; Kwan et al., 2014; 43 
Ngo-Duc et al., 2014, 2017; Juneng et al., 2016; Katzfey et al., 2016; Loh et al., 2016; Raghavan et al., 2016; 44 
Cruz et al., 2017; Ratna et al., 2017; Trinh-Tuan et al., 2018). The performance of GCMs was assessed 45 
before being used as boundary conditions for the RCM experiments (Siew et al., 2013; Katzfey et al., 2016). 46 
Performance in simulating rainfall varies among GCMs over the region (high confidence). Some GCMs are 47 
capable of simulating the precipitation seasonal cycle reasonably well but with weaker interannual variations 48 
(Siew et al., 2013). The CMIP5 models could simulate the spatial pattern of the winter monsoon rainfall but 49 
with a large spread of wet bias magnitude (Siew et al., 2013). Raghavan et al. (2018b) analysed randomly 10 50 
CMIP5 models and revealed that no particular model performed well in simulating historical rainfall over 51 
SEA. Li et al. (2019) analysed the outputs of 31 CMIP5 GCMs over the mainland Southeast Asia and found 52 
that the performance of the models in simulating precipitation during wet season was superior to that for 53 
annual and dry season precipitation.  54 
 55 
Some RCMs generally showed a systematic cold bias for near surface temperature (Manomaiphiboon et al., 56 
2013; Kwan et al., 2014; Ngo-Duc et al., 2014; Loh et al., 2016; Cruz and Sasaki, 2017; Cruz et al., 2017). 57 
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Cold biases are mainly due to model physics (Manomaiphiboon et al., 2013; Kwan et al., 2014) and/or the 1 
biases in the SST forcing (Ngo-Duc et al., 2014). Thus, Katzfey et al. (2016) bias corrected the GCM SST 2 
before using it for downscaling. Van Khiem et al. (2014) however showed a slight warm bias of simulated 3 
temperature over some subregions of Vietnam. Temperature was shown to be strongly influenced by the 4 
choice of cumulus scheme (Cruz et al., 2017). The biases for precipitation were found to be greater and less 5 
systematic with wet or dry biases depending on the subregions (Manomaiphiboon et al., 2013; Kwan et al., 6 
2014; Van Khiem et al., 2014; Juneng et al., 2016). Systematic wet biases were found in model simulations 7 
in both DJF and JJA (Kwan et al., 2014; Van Khiem et al., 2014; Kirono et al., 2015; Juneng et al., 2016). 8 
The wet biases over mainland Indochina could be linked to the lack of summer air-sea interactions in the 9 
RCM experiments (Juneng et al., 2016). Regional climate models differ in simulating rainfall interannual 10 
variability. Juneng et al. (2016) found stronger interannual variability of rainfall compared to observations 11 
while Kirono et al. (2015) showed model underestimation of interannual variability. Simulated rainfall 12 
amount is sensitive to the choice of convective scheme (Juneng et al., 2016; Ngo-Duc et al., 2017) and the 13 
choice of land-surface scheme (Chung et al., 2018). Rainfall biases can be greatly reduced if a bias 14 
correction method such as the quantile mapping is applied (Trinh-Tuan et al., 2018). 15 
 16 
Extreme indices have been generally estimated using the core indices recommended by the joint WMO 17 
Commission for Climatology (CCI)/World Climate Research Programme (WCRP) Climate Variability and 18 
Predictability (CLIVAR) project’s Expert Team on Climate Change Detection, Monitoring and Indices 19 
(ETCCDMI) (Manomaiphiboon et al., 2013; Ngo-Duc et al., 2014, 2017). There is better coherence for 20 
temperature extreme indices than for precipitation extreme indices. Over Thailand, the occurrence frequency 21 
of dry days is under-predicted (Manomaiphiboon et al., 2013). Climatic heavy rainfall centres can be well 22 
captured (Kieu-Thi et al., 2016). The pattern of tropical cyclone numbers can be reasonable represented by 23 
RCM outputs (Van Khiem et al., 2014; Kieu-Thi et al., 2016).  24 
 25 
Multi-model experiments have been conducted (Cruz et al., 2017; Juneng et al., 2016; Katzfey et al., 2016; 26 
Ngo-Duc et al., 2014, 2017; Raghavan et al., 2018a; Van Khiem et al., 2014). Ngo-Duc et al. (2014) showed 27 
that the ensemble mean product tends to outperform the individual model in representing the climatological 28 
mean state. By examining the similarity index omega (Koster et al., 2000, 2002) to assess how model 29 
simulations agree or disagree in simulating historical climate for temperature and precipitation extreme 30 
indices, Ngo-Duc et al. (2017) found that there are relatively high similarities among the simulations over 31 
mainland Asia compared to those over the Maritime Continent for both seasonal and inter-annual variability. 32 
(The similarity index quantifies the degree of similarity among ensemble members in terms of phase and 33 
shape.) The extreme rainfall indices had a lower similarity index compared to that of temperature. Figure 34 
Atlas.31: shows the similarity index omega for the CORDEX-SEA historical simulations for extreme indices 35 
of temperature and rainfall. 36 
 37 
 38 
[START Figure Atlas.31: HERE] 39 
 40 
Figure Atlas.31: Similarity index omega between the different CORDEX-SEA historical simulations for different 41 

temperature-based (a-e) and precipitation extreme indices (f-h) (from Ngo-Duc et al., 2017). 42 
 43 
[END Figure Atlas.31: HERE]  44 
 45 
 46 
Atlas.5.3.4.4 Assessment and synthesis of projections 47 
There has been limited published literature on future climate projections for Southeast Asia that are based on 48 
multi-model regional climate simulations. Many of the previous works were country specific and were based 49 
on either limited GCMs or RCMs or both. Ngo-Duc et al. (2014) used three RCMs for projecting future 50 
climate in Vietnam and some extreme indices until the 2050s for the SRES A1B scenario. The temperature 51 
trend was found to be positive and significant over the study area and may increase up to 1.8ºC in the boreal 52 
summer (JJA). Loh et al. (2016) concluded that the projected temperature increments over Malaysia were 53 
uniform, ranging from 2.7 to 4.2°C and 1.7 to 3.1°C for A2 and B2 scenarios, respectively.  54 
 55 
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More recent works that use the RCP scenarios over the region are consistent with previous results that used 1 
the SRES scenarios. The completion of multi-model and high-resolution (25 km) simulations under 2 
CORDEX Southeast Asia provided more opportunity for robust assessment of future climate changes over 3 
SEA. Based on ten ensemble members, (Tangang et al., 2018) showed that the projected temperature 4 
increase over SEA ranges from 3.6 to 5.6°C by the end of 21st century under RCP8.5. These findings on 5 
regional warming in Southeast Asia are consistent with WGII AR5 findings that showed warming is very 6 
likely in the mid- and late-21st century over all land areas of Asia based on CMIP5 simulations under all four 7 
RCP scenarios. For SEA in particular, WGII AR5 assessed that, under the RCP8.5 scenario, the ensemble-8 
mean changes in mean annual temperature over the region will likely exceed 3°C above the late 20th-century 9 
baseline in the late 21st century. 10 
 11 
Projections of future rainfall changes are highly variable. Over the 2020–2050 period, an increase in 12 
precipitation is projected over most of Southeast Asia, with the change being more pronounced in the 13 
Maritime Continent under RCP4.5. However, towards the end of the century, a high increase in precipitation 14 
over the northern areas of Southeast Asia is projected under RCP8.5 (Raghavan et al., 2018a). Over 15 
Vietnam, future changes in precipitation vary from –25% to +15% depending on regions and seasons, with 16 
the most significant increasing trend over the coastal area during the rainy season, suggesting more severe 17 
water-related disasters in this region in the future (Ngo-Duc et al., 2014). Based on 14 ensemble members of 18 
CORDEX Southeast Asia simulations, which are comprised of 11 GCMs and 7 RCMs,  Tangang et al. 19 
(submitted) showed significant and robust increases of mean rainfall over Indochina and the Philippines 20 
while there is a drying tendency over the Maritime Continent during DJF for early, mid and end of the 21st 21 
century periods at both RCP4.5 and 8.5 (Figure Atlas.32:). At the end of the 21st century during DJF under 22 
RCP8.5, an increase of 20% in mean rainfall is projected over Myanmar, northern-central Thailand and 23 
northern Laos, and a 5-10% increase over the eastern Philippines and northern Vietnam. During JJA, 24 
significant and robust drier conditions are projected over almost the entire Southeast Asia except over 25 
Myanmar and northern Borneo. The projected increase of mean rainfall over Thailand is consistent with 26 
those of (Tangang et al., 2019). Over the Indonesian region, especially Java, Sumatra and Kalimantan, as 27 
much as a 20% - 30% decrease in mean rainfall is projected during JJA by the end of the 21st century. 28 
Nevertheless, inter-model variations can be large depending on sub-region and season. However, the 29 
projected drier condition over Indonesia is consistent with that of Giorgi et al. (2019), Kang et al. (2019) and 30 
Kusunoki (2017). This is also consistent with projected annual and seasonal (JJA and SON) increase of CDD 31 
over the Indonesian region described by Tangang et al. (2018) and Supari et al. (submitted), particularly by 32 
the middle and end of the 21st century.  Therefore, it is very likely (high confidence) that the Indonesian 33 
region will be experiencing enhanced dryness, especially from the mid- 21st century onwards for both RCPs.  34 
This drying tendency over Indonesia is associated with enhanced subsidence over the region (Kang et al., 35 
2019; Tangang et al., submitted). 36 
 37 
Figure Atlas.30: show projected changes in temperature (c,e) and precipitation (d,f) calculated as the 38 
climatology differences for the medium-term (2040-2060) period for the scenario RCP85 (SSP5-85 for 39 
CMIP6) with regards to the historical (1986-2005) values. Significant warming is projected to continue over 40 
the entire region with temperatures increasing to about 1.5°C over land regions by mid-century. Changes in 41 
precipitation, however, are more uncertain. In general, there is an overall increase in mean precipitation but 42 
CMIP5 and CMIP6 differ in terms of the magnitude and location of these changes. In particular, the CMIP5 43 
ensemble shows significant (stronger model agreement) increase in precipitation over the Philippines and the 44 
northern regions of mainland SEA (Burma), while the CMIP6 ensemble projects significant changes over the 45 
southern regions of Borneo island (Indonesia).   46 
 47 
 48 
[START Figure Atlas.32: HERE] 49 
 50 
Figure Atlas.32: The projected changes in mean precipitation expressed as a percentage (%) relative to the mean in the 51 

historical period. Hatching indicates the changes are significant at the 95% level above random noise 52 
while dots are showing robustness at 95% (Tangang et al., submitted).  53 

 54 
[END Figure Atlas.32: HERE] 55 
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Atlas.5.3.5 South Asia 1 
 2 
Regional executive summary 3 
 4 
The South Asian monsoon has shown contrasting behaviour over India and Pakistan (in the monsoon 5 
dominated region only), with a strengthening trend over the core monsoon zone in Pakistan (low 6 
confidence) and weakening trend over central north India (high confidence). Vertically Integrated (0–500 7 
hPa) Meridional Moisture Transport (VIMMT) and extra-tropic connections are mainly forming this dipole 8 
like mechanisms since the 1950s.  {Atlas.5.3.5.2} 9 
 10 
Minimum and maximum daily temperatures in South Asia are increasing and winters are getting 11 
warmer faster than summers (high confidence). There is high confidence that there is an increasing trend 12 
in heat wave occurrence in many regions over South Asia. {Atlas.5.3.5.2} 13 
  14 
It is likely that temperatures over South Asia will increase by 5.0±0.9°C during 2081-2100 when 15 
comparing with the 1995-2014 baseline period under both CMIP5 RCP8.5 and CMIP6 SSP5-8.5 16 
scenarios.  {Atlas.5.3.5.4} 17 
  18 
Summer monsoon precipitation in South Asia is likely to increase by the end of the 21st century while 19 
winter monsoons are projected to be drier. Based on CMIP6 models (available in the Interactive Atlas), 20 
an increase (> 22%) in mean annual precipitation is projected over South Asia under RCP 8.5 at the end of 21 
the century (medium confidence).  {Atlas.5.3.5.4} 22 
 23 
 24 
Atlas.5.3.5.1 Key features of the regional climate and findings from previous assessments 25 
Key features of the regional climate 26 
The climate of the South Asia region is mainly governed by the combination of large scale forcing 27 
phenomena, intense air-sea interaction, and topographic effects. Precipitation falls over the region mainly in 28 
summer as the monsoon system and the associated troughs approach relatively warm land. The countries in 29 
this region are mostly semi-arid to arid and therefore depend heavily on the summer monsoon precipitation 30 
(June–September, JJAS) to replenish fresh water supplies. In winter, westerly winds bring moisture from the 31 
Atlantic Ocean, which cause precipitation over northern and western parts of South Asia.    32 
 33 
Previous findings from IPCC assessments 34 
IPCC AR5 assessed that there is high confidence that high resolution regional downscaling, which is 35 
complementary to results obtained directly from global climate models, adds value to the simulation of 36 
spatial variations in climate in regions with highly variable topography (e.g., distinct orography, coastlines), 37 
and for mesoscale phenomena and extremes (Flato et al., 2013a). Recent IPCC reports AR5, SR1.5, SRCCL 38 
and SROCC assessed that it is very likely that the mean annual temperature over South Asia has increased 39 
during the past century (see Figure 2.21 in Hartmann et al., 2013 and Figure 24-2 in Hijioka et al. 2014), and 40 
the frequency of cold (warm) days and nights have decreased (increased) across most of Asia since about 41 
1950 (based on Figure 2.32 in Hartmann et al., 2013). IPCC AR5 assessed that there is high confidence that 42 
the large-scale patterns of surface temperature are well simulated by the CMIP5 models in agreement with 43 
observations except in certain regions, particularly at higher elevations over the Himalayas (Flato et al., 44 
2013a). It is with high confidence and robust evidence that CMIP5 models projected a clear increase in 45 
temperature over South Asia, and there is medium confidence in summer monsoon precipitation increase in 46 
the future projections for South Asia based on IPCC AR5 (Collins et al., 2013). 47 
  48 
Inconsistent evidence was found on the declining trends in mean precipitation and increasing droughts from 49 
1950 onwards considering 1960 -1990 as the base period. Similarly, the IPCC AR5 reported low confidence 50 
(due to lack of literature) in trends in climate indices related to extreme precipitation events. The Indian 51 
summer monsoon circulation was found to have weakened, but this was compensated by increased 52 
atmospheric moisture content leading to more rainfall (medium confidence). It is likely that snowfall 53 
occurrence events are decreasing in southern Asia along with other regions along with increase in winter 54 
temperatures. Based on satellite- and surface-based remote sensing it is very likely that aerosol optical depth 55 
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(AOD) has increased over southern Asia since 2000. 1 
 2 
It was assessed with high confidence in SRCCL that risks from desertification are projected to increase under 3 
shared socioeconomic pathway SSP2 (“Middle of the Road”) at 1.5°C, 2°C and 3°C of global warming, and 4 
around 3,398 million people will be exposed to various impacts related to the water, energy and land sectors 5 
and around half of them will be living in South Asia. 6 
 7 
It is projected with medium confidence that the projected weakening of the Atlantic Meridional Overturning 8 
Circulation (AMOC) will result in decline in summer rainfall over South Asia. With low confidence, it is 9 
projected that the frequency of Indian Ocean Dipole events will increase in future.   10 
 11 
 12 
Atlas.5.3.5.2 Assessment and synthesis of observations, trends and attribution 13 
Recent studies show that the Indian annual mean land temperatures warmed at a rate of around 0.6°C per 14 
century during 1901−2018, which was primarily contributed by a significant increase in annual maximum 15 
temperature by 1.0°C per century, while the annual minimum temperature showed a lesser increasing trend 16 
of 0.18°C per century during this period, with significant rise only in the recent few decades (1981-2010) at a 17 
rate of 0.17°C per decade (Srivastava et al., 2017b, 2019). The observed frequency, total duration and 18 
maximum duration of heat waves are increasing over central and north-western parts of India during the 19 
summer months (April to June) (Rohini et al., 2016).  20 
 21 
There has been a noticeable declining trend in rainfall with monsoon deficits occurring with higher 22 
frequency in different regions in South Asia. Concurrently, the frequency of heavy precipitation events have 23 
increased over India, while the frequency of moderate rain events have decreased since 1950 (high 24 
confidence) (Goswami et al., 2006; Dash et al., 2009; Christensen et al., 2013; Krishnan et al., 2016; 25 
Kulkarni et al., 2017; Roxy et al., 2017). There is a considerable spread in the seasonal and annual mean 26 
precipitation climatology and interannual variability among the different observed precipitation data sets 27 
over India (Collins et al., 2013; Prakash et al., 2014; Kim et al., 2018; Ramarao et al., 2018). Yet, the regions 28 
of agreement among datasets lends high confidence that there has been a decrease in mean rainfall over most 29 
parts of the eastern and central north regions of India (Krishnan et al., 2016; Jin and Wang, 2017; Juneng et 30 
al., 2016; Latif et al., 2017; Pulak Guhathakurta and Jayashree V Revadekar, 2017; Roxy et al., 2015; Sabin 31 
and Mujumdar, 2016; Singh et al., 2014).  32 
 33 
A dipole-like structure in the summer monsoon rainfall trends is observed over the northern Indo-Pakistan 34 
region on seasonal and inter-annual timescales, with significant increasing trends observed over Pakistan and 35 
decreasing trends over central north India (low confidence) (Latif et al., 2017); the likely reason is the 36 
strengthening (weakening) trend of vertically integrated meridional moisture transport (VIMMT) over the 37 
Arabian Sea (Bay of Bengal). This is confirmed by measurements from 35 meteorological stations located in 38 
the monsoon-dominated strip in Pakistan found that the mean monsoon onset has observed a shift to an 39 
earlier time in Pakistan over 40 years (1971-2010) (Ali et al., 2019).  40 
 41 
It was assessed using a state-of-the-art global climate model with high-resolution zooming over South Asia 42 
(Sabin et al., 2013) that a juxtaposition of regional land-use changes, anthropogenic-aerosol forcing and the 43 
rapid warming signal of the equatorial Indian Ocean was crucial to produce the observed Indian summer 44 
monsoon weakening in recent decades, which significantly enhanced the occurrence of localized intense 45 
precipitation events, as compared to the global-warming response (Krishnan et al., 2016). 46 
 47 
Figure Atlas.33: shows changes and trends (calculated from a common 1980-2014 period) in temperature (a) 48 
and precipitation (b) from three different data sets over South Asia. There is significant warming trend over 49 
the region with faster rates of increase in temperature over the Hindu Kush Himalayan region. There are no 50 
significant observed precipitation changes over most of South Asia but for some regions in southern India. 51 
 52 
 53 
Atlas.5.3.5.3 Assessment of model performance 54 
There was evident improvement in the CMIP3 to CMIP5 multi-model ensemble mean in the simulation of 55 
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the amplitude and phase of the seasonal cycles of temperature and precipitation in South Asia. However, 1 
there was no appreciable improvement in regions with steep orography, and there has remained substantial 2 
inter-model spread in seasonal and annual mean temperatures over South Asia.  3 
 4 
The Indian summer monsoon rainfall (ISMR) simulations have improved in the CMIP3 to CMIP5 multi-5 
model ensembles, specifically in terms of northward propagation, time for peak monsoon and withdrawal 6 
(Sperber et al., 2013). However they fail to simulate the trends in monsoon rainfall and the post-1950 7 
weakening of monsoon circulation (Saha et al., 2014). This is partially attributed to the failure of coarse 8 
resolution (about 3°) CMIP5 models in simulating fine resolution process such as orography, land surface 9 
feedback and problems in cloud parameterization resulting in overestimation of convective precipitation 10 
fraction (Singh et al., 2017). 11 
 12 
Regional climate models (RCMs) were used to perform dynamical downscaling of the coarse resolution 13 
CMIP5 models to higher resolution (50 km) over South Asia (called CORDEX South Asia) with improved 14 
surface fields such as topography and coastlines, with the aim of better resolving the complexities of the 15 
monsoon and other hydrological processes (Giorgi et al., 2009). 16 
 17 
The added value obtained from CORDEX RCM simulations, relative to the driving GCMs, presents a 18 
complex picture. Certain aspects of climate are better represented in CORDEX RCM simulations, such as 19 
the spatial patterns of temperature (Sanjay et al., 2017d), and the spatial features of precipitation distribution 20 
associated with the Indian summer monsoon (Choudhary et al., 2018). Clear improvements are also found in 21 
simulating the active and break composite precipitation (Karmacharya et al., 2016). On the other hand, an 22 
assessment of the CORDEX South Asia RCM ensemble showed that RCMs follow the driving CMIP5 23 
GCMs in underestimating seasonal mean surface air temperature but overestimating spatial variability in 24 
precipitation. The cold bias in the driving CMIP5 model is found to have amplified after downscaling over 25 
almost the entire region, with larger magnitudes during winter season over the Hindu Khush Himalayan 26 
region, Afghanistan and southwest Pakistan (Iqbal et al., 2017). Neither RCMs nor their driving CMIP5 27 
GCMs reproduce well the observed climatology of precipitation (Mishra, 2015b) and temperature over the 28 
Himalayan watersheds of the Indus Basin with substantial cold biases of 6–10 °C (Hasson et al., 2019; 29 
Nengker et al.,  2018). In addition, important characteristics of ISMR such as northward and eastward 30 
propagation, onset, seasonal rainfall patterns, intra-seasonal oscillations and patterns of extremes did not 31 
show consistent improvement (Singh  et al., 2017). Also, these RCM simulations have not indicated added 32 
value in capturing the observed changes in ISMR characteristics over recent decades.  33 
 34 
 35 
Atlas.5.3.5.4 Assessment and synthesis of projections 36 
Summer precipitation changes in South Asia are consistent between CMIP3 and CMIP5 projections, but 37 
model spread is large in winter precipitation change. Changes in the summer monsoon will dominate the 38 
annual rainfall change over South Asia (Woo et al., 2019).  39 
  40 
CMIP5 GCMs generally project increasing moisture convergence and summer monsoon precipitation over 41 
South Asia with global warming (Mei et al., 2015). Under the RCP8.5 scenario, 23 CMIP5 GCMs showed an 42 
increase in South Asian Monsoon precipitation due to anthropogenic climate change (Srivastava and Delsole, 43 
2014). Out of 20 CMIP5 GCMs, four showed increase in magnitude and lengthening of all-India summer 44 
monsoon under the RCP8.5 scenario. Both strong and weak monsoon intensity are expected to increase 45 
during the period 2051−2099.  46 
 47 
CMIP5 GCMs under the RCP4.5 and RCP8.5 scenarios for the time period of 2006-2050 show a possible 48 
decline in JJAS rainfall over India due to the anti-cyclonic circulation over the Arabian Sea at 850 hPa and 49 
cyclonic circulation at 200 hPa (40oN and 70oE−90oE respectively) (Sarthi et al., 2015). CORDEX−South 50 
Asia projections over northeast India under the RCP4.5 scenario for the time period of 2011-2060 show a 51 
decreasing seasonal precipitation trend (Soraisam et al., 2018) but most of the literature do not agree with 52 
this finding. There is consistency among all 36 CMIP5 GCMs, with regard to the projected increase in the 53 
moisture transport over the Arabian Sea and Bay of Bengal towards the end of 21st century. The increase in 54 
the magnitude of rainfall and VIMMT trends is higher for RCP8.5 compared to the RCP4.5 scenario over the 55 
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Indo-Pakistan region (Latif, 2017). For the time period 2011–2030, 2046–2065, and 2080–2099 using IPCC 1 
AR4-based AOGCMS, there will be a gradual increase in annual precipitation in the Jammu and Kashmir, 2 
Khyber Pakhtunkhwa and Punjab regions of Pakistan, but an increase and then decrease in rainfall in 3 
Balochistan and Sindh. In humid and semi-arid climate areas, there is an increase in annual precipitation in 4 
all three projected periods (Saeed and Athar, 2018).  5 
 6 
ECHAM5 downscaled by RegCM4 at 30 km resolution for South Asia shows steadily progressing warming, 7 
which would be widespread across the region with increases of 4°C to 5°C by the 2080s under the A2 8 
scenario (Ahmed and Suphachalasai, 2014). Warming of 2.5oC to 5°C are projected over northern Pakistan 9 
and India sub‐regions (Syed et al., 2014). CORDEX-South Asia projections over northeast India under 10 
RCP4.5 scenario, for time period of 2011-2060, shows increasing trends for both seasonal maximum and 11 
minimum temperature over northeast India. The finding of the Figure Atlas.33: are also produced in 12 
(Rehman et al., 2018) on the performance of CMIP5 models over Pakistan and South Asia .  13 
 14 
Figure Atlas.33: show projected changes in temperature (c,e) and precipitation (d,f) over South Asia 15 
calculated as the climatology differences for medium-term (2041-2060) periods for the scenario RCP85 16 
(SSP5-85 for CMIP6) with regards to the historical (1986-2005). The increase in temperature in terms of 17 
magnitude and pattern for mid future is consistent for both scenarios (CMIP5 RCP85 and CMIP6 SSP5-85) 18 
with strong model agreement in the ensembles.  Both CMIP5 and CMIP6 show significant increase in annual 19 
rainfall over western regions in India and there is model agreement in the projected increase in rainfall over 20 
the Himalayas in CMIP6. 21 
 22 
 23 
[START Figure Atlas.33: HERE]  24 
 25 
Figure Atlas.33: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 26 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 27 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 28 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 29 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 30 
over this period.  31 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 32 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 33 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 34 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 35 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 36 
2018). 37 
(g–h) Regional mean changes in annual mean surface air temperature and precipitation for the Tibetan 38 
Plateau and South Asia. The top row shows the median (dots) and 10th–90th percentile range across 39 
each model ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) 40 
and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the 41 
additional warming projected relative to the historical baseline 1995–2014 period to reach the two 42 
global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three 43 
time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 44 
same historical baseline period. The bottom row shows scatter diagrams of temperature against 45 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 46 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 47 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 48 
are absolute for temperature and relative for precipitation.  49 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 50 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 51 

 52 
[END Figure Atlas.33: HERE]  53 
 54 
 55 
 56 
 57 
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Atlas.5.4 Australasia 1 
 2 
Regional executive summary 3 
 4 
There is very high confidence that the climate of Australia warmed by just over 1°C and New Zealand 5 
by around 1°C since reliable records began in 1910 and 1909 respectively, and this warming is 6 
projected to continue with a magnitude roughly equal to or slightly more than the global average 7 
temperature (for example, Australasian land area warming in CMIP6 from 1995-2014 to 2°C global 8 
warming since pre-industrial is 1.0°C to 1.5°C compared to the global average of 0.8°C to 1.4°C). 9 
{Atlas.5.4.2} 10 
 11 
There is high confidence that human influence has been the dominant driver of the warming trend and 12 
contributed to greater intensity and duration of atmospheric and marine heat events. Drying of 13 
southwest Western Australia in April to October has been attributed with medium to high confidence, 14 
some other trends and events have been attributed with some confidence, including snow cover declines, 15 
increase in fire risk in southern Australia and intensity of New Zealand extreme rainfall. {Atlas.5.4.2} 16 
 17 
There is medium confidence that model representation of aspects of the Australasian region has 18 
somewhat improved between CMIP5 and the CMIP6 ensemble available at the time of writing, 19 
including temperature and rainfall climatology, ENSO and IOD and their teleconnection with Australian 20 
rainfall, and ocean currents, however CMIP6 is far from complete. {Atlas.5.4.3} 21 
 22 
There is high confidence for a significant ongoing rainfall decline in southwest Australia in the cool 23 
season (April-October) and a rainfall increase in parts of New Zealand in winter, with similar results 24 
in CMIP5 and CMIP6, other rainfall changes are less significant or less certain. {Atlas.5.4.4} 25 
 26 
There is high confidence that dynamical downscaling and statistical downscaling performed for 27 
regional studies have produced ‘added value’ in the climate change projected signals in regional 28 
temperature, rainfall and extremes related to topography and coasts in Australia and New Zealand, 29 
however care must be taken in placing projections using different model inputs and downscaling methods in 30 
context, and regional downscaling does not fully sample uncertainties encompassed by the latest CMIP and 31 
CORDEX simulations. {Atlas.5.4.4} 32 
 33 
 34 
Atlas.5.4.1 Key features of the regional climate and findings from previous assessments 35 
 36 
Key features of the regional climate 37 
 38 
Australasia is divided into four regions for the Atlas, as follows: New Zealand (NZ), with a varied climate 39 
with diverse landscapes, mainly maritime temperate with four distinct seasons; Northern Australia (NAU) 40 
which is mainly tropical with monsoonal summer-dominated rainfall, but with a hot, semi-arid climate in the 41 
south of the region; Central and Eastern Australia (CAU) with a hot, dry desert climate in the west and 42 
centre, ranging to a temperate climate in the east; and Southern Australia (SAU) which ranges from 43 
Mediterranean and semi-arid in the west to mainly cool temperate maritime climate in the southeast. Various 44 
remote drivers have notable teleconnections to regions within Australasia, including an effect of the El Niño 45 
Southern Oscillation and the Indian Ocean Dipole. Much of southern NZ and SAU are affected by systems 46 
within the westerly mid-latitude circulation, in turn affected by the Southern Annular Mode. The monsoon 47 
and the Madden-Julian Oscillation affect rainfall variability in northern Australia.  48 
 49 
Previous findings from IPCC assessments 50 
 51 
AR5 WGI and WGII report very high confidence that air and sea temperatures in the region have warmed 52 
(values of change see Table Atlas.6:), cool extremes have become rarer in Australia and New Zealand since 53 
1950, while hot extremes have become more frequent and intense (e.g., very likely that warm days and nights 54 
have increased). AR5 reported it is virtually certain that mean air and sea temperatures will continue to 55 
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increase, with very high confidence that the greatest increase will be experienced by inland Australia and the 1 
least increase by coastal areas and New Zealand. AR5 reported a range of different precipitation trends 2 
within the region. For example, while annual rainfall has been significantly increasing in north-western 3 
Australia since the 1950s (very high confidence), it decreased in the northeast of the South Island of New 4 
Zealand over 1950–2004 (very high confidence) and over the southwest of Western Australia. In line with 5 
these trends, WGI reported it is likely that drought has decreased in northwest Australia. Future projections 6 
for precipitation extremes indicate an increase in most of Australia and New Zealand, in terms of rare daily 7 
rainfall extremes (i.e., current 20-year return period events) and of short duration (sub-daily) extremes 8 
(medium confidence). Likewise, however, there is a projected increase the frequency of drought in southern 9 
Australia (medium confidence) and in many parts of New Zealand (medium confidence). Owing to hotter and 10 
drier conditions, there is high confidence that fire weather will increase in most of southern Australia, and 11 
medium confidence that the fire danger index will increase in many parts of New Zealand. 12 
 13 
AR5 also reported that mean sea levels have also increased in Australia and New Zealand at average rates of 14 
relative sea-level rise of 1.4 ± 0.6 mm/yr from 1900 to 2011, and 1.7 ± 0.1 mm/yr from 1900 to 2009, 15 
respectively (very high confidence), that the volume of ice in New Zealand declined by 36–61% from the 16 
mid-late 1800s to the late 1900s (high confidence), while late season significant snow depth also declined in 17 
three out of four Snowy Mountain sites in Australia between 1957 and 2002 (high confidence). As mean sea-18 
level rise is projected to continue for at least several more centuries, there is very high confidence that this 19 
will lead to large increases in the frequency of extreme sea-level events in Australia and New Zealand. On 20 
the other hand, the volume of winter snow and the number of days with low-elevation snow cover in New 21 
Zealand are projected to decrease in the future (very high confidence), while both snow depth and area are 22 
projected to decline in Australia (very high confidence). 23 
 24 
The Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) reports on the observed 25 
and projected decline in snow cover in Australasia, as well as the retreat of New Zealand glaciers following 26 
an advance in 1983-2008 due to enhanced local snow precipitation. The report also discusses the 27 
vulnerability of some Australian communities and ecosystems to sea level rise, the increase in the intensity 28 
and duration of marine heatwaves driven by human influence (high confidence), the decrease in frequency of 29 
tropical cyclone landfall on eastern Australia since the late 1800s (low confidence in an anthropogenic 30 
signal), and presented a case study on the multiple hazards, compound risk and cascading impacts from 31 
climate extremes in Tasmania in 2015/16 (including an attributable human influence on some events). The 32 
Special Report on Climate Change and Land assessed the land vegetation ‘greening’ in parts of Australia, 33 
desertification and trends in drought. 34 
 35 
 36 
Atlas.5.4.2 Assessment and synthesis of observations, trends and attribution 37 
 38 
Australia and New Zealand have continued to warm, and many rainfall trends have continued since the AR5. 39 
Figure Atlas.34:(a,b) shows changes and trends in temperature and precipitation for a common 1980-2014 40 
period from three different global data sets. All the datasets show significant (at 0.1 significance level) 41 
warming trends over the southern half of Australia. Most of the observed changes in precipitation over the 42 
region are not significant over this period, although two of the observed datasets (GPCC and GPCP) agree on 43 
a significant drying trend in the Southern regions of New Zealand. 44 
 45 
For a longer-term perspective based on high-quality regional datasets, Figure Atlas.35: shows that Australian 46 
mean temperature has increased by just over 1°C during the period 1910-2019 and 2019 was Australia’s 47 
hottest year on record using the updated observed temperature dataset ACORN-SATv2 (Trewin, 2018). Most 48 
of the warming has occurred since 1950, with eight of the top ten warmest years on record occurring since 49 
2005, with a clear attribution of anthropogenic influence (Bureau of Meteorology and CSIRO, 2018). 50 
Regionally, the highest temperature trends have occurred in central and eastern Australia, with a regional 51 
warming minimum in the northwest of Australia since the 1970s (CSIRO and Bureau of Meteorology, 2015). 52 
On a seasonal basis, spring has seen the highest trend with fairly similar trends in other seasons (Bureau of 53 
Meteorology and CSIRO, 2018). In New Zealand, an increase of 1°C has been measured from 1909-2016 54 
using the NIWA NZ temperature record (New Zealand Ministry for the Environment & Statistics, 2017). 55 
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These mean changes have been accompanied by positive trends in daytime and night-time maximum and 1 
minimum temperatures and a greater number of hot days and nights and fewer cold days and nights 2 
(Alexander and Arblaster, 2017; New Zealand Ministry for the Environment & Statistics, 2017). 3 
 4 
Detectable anthropogenic increases in precipitation in Australia have been reported particularly for north 5 
central Australia and for a few regions along the south-central coast for the period 1901-2010 (Knutson and 6 
Zeng, 2018). Seasonally, there is a decline in cool season (April to October) precipitation in southwest 7 
Western Australia, see Figure Atlas.35:, with an attributable human influence (Delworth and Zeng, 2014, 8 
and others).  9 
 10 
In New Zealand between 1960 and 2016, winter rainfall increased in Whangarei, Wellington, and New 11 
Plymouth, while summer rainfall increased in Dunedin and Kerikeri (New Zealand Ministry for the 12 
Environment & Statistics, 2017). Note however, for the most part, the above reported trends have been 13 
classified as statistically not significant. Trends in gridded climate data in summer and winter for 1979 to 14 
2006 taken from (Ummenhofer et al., 2009) are shown in Figure Atlas.35:.  15 
 16 
 17 
Atlas.5.4.3 Assessment of climate model performance 18 
 19 
Most studies reviewed by WGII AR5 were based on Coupled Model Inter-comparison Project Phase 3 20 
(CMIP3) models and Special Report on Emission Scenarios (SRES) scenarios, as well as CMIP5 model 21 
results whenever available. WGI AR5 reported that model biases in annual temperature and rainfall are 22 
similar to or lower than other continental regions outside the tropics, with temperature biases generally <1°C 23 
in the multi-model mean and <2°C in most models over Australia compared to reanalysis, and a wet bias 24 
over the Australian inland region but a dry bias near coasts and mountain regions of both Australia and New 25 
Zealand.  26 
 27 
Early results from CMIP6 suggest incremental improvements compared to CMIP5 in the simulation of the 28 
mean annual climatology of temperature and precipitation of the Indo-Pacific region surrounding 29 
Australasia, the teleconnection between ENSO and IOD and Australian rainfall and other relevant climate 30 
features (Grose et al., submitted). These assessments suggest that confidence in projections is similar to AR5 31 
or incrementally improved. CORDEX Australasia simulations are found to have cold biases in daily 32 
maximum temperature and an overestimation of precipitation but overall showed some added value on the 33 
simulation of the current climate.  34 
 35 
 36 
Atlas.5.4.4 Assessment and synthesis of projections 37 
 38 
This section is limited to mean temperature and precipitation, projected changes to other variables for 39 
Australasia are summarised in Chapter 12 of WGI and Chapter 11 of WGII. Figure Atlas.34: and Table 40 
Atlas.6: show projected changes in temperature and precipitation over the Australasia region calculated as 41 
the climatology differences for medium-term (2040-2060; c-f) periods for the scenario RCP8.5 (SSP5-8.5 for 42 
CMIP6) with respect to the historical (1986-2005) values and are expressed as ºC and relative differences 43 
(%), for temperature and precipitation, respectively.  44 
 45 
CMIP5 and CMIP6 both indicate mean temperature in Australasia is projected to continue to rise through the 46 
21st century (very high confidence) as illustrated in Figure Atlas.34:. CMIP5 projections as reported in the 47 
Australian national climate projections using the AR5 baseline are shown in Table Atlas.6:, indicating 48 
increases of around 0.5 to 1.5°C over the century under RCP2.6 and around 2.7 to 5.0°C under RCP8.5 in all 49 
four tailored regions within the country. For New Zealand, the Ministry for the Environment (2018) projects 50 
an increase of mean temperature of 0.7°C (RCP2.6) and 1.0°C (RCP8.5) to 2040, and 0.7°C (RCP2.6) and 51 
3.0°C (RCP8.5) by 2090 relative to 1986-2005, with higher increase in summer than in winter and more 52 
pronounced in mountainous areas. Temperature projections in the CMIP6 ensemble as it stands in the Atlas 53 
are not significantly different than CMIP5, except for a warmer high end of the range (see Figure Atlas.34:), 54 
for example the 10–90th percentile range of modelled temperature change averaged over the land regions of 55 
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Australasia for 1995–2014 to 2081–2100 under high emissions is 3.0°C to 4.4°C in CMIP5 (RCP8.5) and 1 
3.0°C to 4.9°C in CMIP6 (SSP5-8.5). This higher projection is produced by a group of models with high 2 
climate sensitivity (Forster et al., 2019), resulting in higher temperature projections after 2050 for the 3 
region(Grose et al., submitted). Changes in mean annual temperature for 1.5°C and 2°C global warming 4 
since preindustrial are similar to this change in the global average in most regions but higher than the global 5 
average in central Australia. 6 
 7 
There is more than 80% model agreement for projected mean annual rainfall decrease in southwest Western 8 
Australia for both mid (2041-2060) and far future (2081-2100) and a significant increase in rainfall in the far 9 
future (2081-2100) for the southern regions of New Zealand, with less model agreement elsewhere (Figure 10 
Atlas.34:). However, there are some important seasonal and regional projections worth further explanation, 11 
also see a review of Australian rainfall changes found in (Dey et al., 2019). Almost all models project 12 
Southern Australia to continue getting drier in winter (JJA) and spring (SON), but a few models show little 13 
change in rainfall, e.g., the CMIP5 projections for JJA under RCP8.5 between 1986-2005 and 2081-2100 is -14 
32 to -2% (CSIRO and Bureau of Meteorology, 2015). Studies of winter rainfall change in southern 15 
Australia and circulation suggest the wetter end of the range may possibly be rejected (Grose et al., 2017, 16 
2019a). The CMIP5 projections of northern Australian wet season rainfall change are uncertain, from a large 17 
and significant decrease to a large and significant increase, with CMIP5 projections for DJF under RCP8.5 18 
between 1986-2005 and 2081-2100 of -24 to 18% (CSIRO and Bureau of Meteorology, 2015). Evidence 19 
from warming patterns suggests a constraint on the dry end of projections (Brown et al., 2016), and currently 20 
the CMIP6 ensemble has no models with a large projected rainfall decline. Ferguson et al. (2018) project that 21 
between 1976-2005 and 2070-2099, summers will become wetter (mainly in northern Australia) under RCP 22 
8.5. There is also evidence for a projected increase in rainfall variability in northern Australia in scales from 23 
days to decades (Brown et al., 2017). Projections for eastern Australia vary by season, with moderate 24 
agreement on a decrease in rainfall in winter and spring with less model agreement in summer and autumn. 25 
Liu et al. (2018) find that under 1.5°C warming, central and northeast Australia is projected to become 26 
wetter. 27 
 28 
Projected patterns in annual precipitation exhibit increases in the west and south of New Zealand and 29 
decreases in the north and east (Ministry for the Environment, 2018). However, projected changes in mean 30 
precipitation in New Zealand are expected to vary around the country and with season, where the west and 31 
south are projected to experience increases in annual mean precipitation in future, while the north and east 32 
are projected to experience decreases (medium confidence). Liu et al. (2018) project that the north island will 33 
be drier, while the South Island will be wetter under both 1.5°C and 2°C warming. 34 
 35 
CORDEX Australasia simulations at ~50 km spatial resolution reveal some more detail in projected 36 
temperature and rainfall change associated with important features such as orography. For temperature, 37 
enhanced warming at high elevation has been reported. For rainfall, areas where there is coincident ‘added 38 
value’ in the simulation of the current climate and ‘potential added value’ as new information in the 39 
projected climate change signal (collectively termed ‘realised added value’) in Australia include the 40 
Australian Alps, Tasmania and parts of northern Australia (Di Virgilio et al., submitted). There have been 41 
several studies of regional climate change for New Zealand and states of Australia at fine resolution (5-12 42 
km), domains shown in Figure Atlas.36:, that have produced insights into regional climate change. One 43 
important insight is enhanced drying in cool seasons on the windward slopes of the southern Australian Alps 44 
(decreases of 20-30% compared to 10-15% in host models), and conversely a chance of enhanced rainfall 45 
increase on the peaks of mountains in summer (Grose et al., 2019b), with the summer finding in line with the 46 
European Alps (Giorgi et al., 2016). 47 
 48 
 49 
[START Figure Atlas.34: HERE] 50 
 51 
Figure Atlas.34: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 52 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 53 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 54 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-64 Total pages: 251 

(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 1 
over this period.  2 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 3 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 4 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 5 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 6 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 7 
2018).  8 
(g-j) Regional mean changes in annual mean surface air temperature and precipitation for the four 9 
Australasian regions (NAU, CAU, SAU and NZ). The top row shows the median (dots) and 10th–90th 10 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 11 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 12 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 13 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 14 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–15 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 16 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 17 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 18 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-19 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  20 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 21 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 22 

 23 
[END Figure Atlas.34: HERE] 24 
 25 
 26 
[START Figure Atlas.35: HERE] 27 
 28 
Figure Atlas.35: Observed trends in temperature and rainfall for Australia and New Zealand from high-quality regional 29 

datasets; Left: time series of anomalies from the 1961-1990 average, Australian northern wet season is 30 
Oct-Apr and southern wet season is Apr-Oct (adapted from BoM and CSIRO 2018); Centre: maps 31 
show annual linear trends for 1970-2019 for temperature to illustrate warming minimum in northwest 32 
Australia in this period, 1950-2019 in mean annual rainfall; right: New Zealand mean annual 33 
temperature from NIWA, maps show trends in summer and winter rainfall in 1979 to 2006 in the 34 
NIWA climate database taken from (Ummenhofer et al., 2009). 35 

 36 
[END Figure Atlas.35: HERE] 37 
 38 
 39 
[START Figure Atlas.36: HERE] 40 
 41 
Figure Atlas.36: Domains of notable regional dynamical downscaling studies in Australasia offering the potential for 42 

regional added value in climate change projections. NIWA projections for New Zealand (red), 43 
NARCliM work for eastern Australia (purple) and southwest Western Australia regional projections 44 
(black) use limited area models and the entire model domain is shown, Victorian Climate Projections 45 
2019 (green), Queensland (brown), Climate Futures for the Alps (light brown) and Climate Futures 46 
for Tasmania (blue) use stretched-grid global models and the high-resolution domain is shown. 47 
Surface height is indicated by the colour scale, showing studies are generally focused on areas of 48 
notable topographic features, where cases of ‘added value’ in temperature and rainfall projections 49 
were found.  50 

 51 
[END Figure Atlas.36: HERE] 52 
 53 
 54 
[START Table Atlas.6: HERE]  55 
 56 
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Table Atlas.6: Temperature changes and warming rates in mean annual temperature reported in previous assessments 1 
and literature and the Atlas, projected changes are for the AR5 periods 1986-2005 to 2081-2100 to 2 
allow comparison, ranges are the 10-90 percentile values. 3 

 4 
Region Historical change Projected RCP2.6/ 

SSP1-2.6 (°C) 
Projected RCP8.5/ 
SSP5-8.5 (°C) 

Source 

New Zealand 
(air) 

Around 1°C or 0.09 ± 
0.03°C per decade 
since 1909 

Atlas  
CMIP5: 0.2 to 0.9 
CMIP6: 0.7 to 1.2 

Atlas: 
CMIP5: 2.2 to 3.7 
CMIP6: 2.7 to 4.0 

Observed:(IPCC, 
2013a) and (New 
Zealand Ministry 
for the Environment 
& Statistics, 2017) 

New Zealand 
seas 

Around 0.07°C per 
decade in 1909-2009 

  (IPCC, 2013a) 

Australia (air) Just over 1°C or 0.09 ± 
0.03°C per decade 
since 1910 

Atlas: 
CMIP5: 0.9 to 1.7 
CMIP6: 0.7 to 1.7 

Atlas: 
CMIP5: 3.3 to 5.2 
CMIP6: 3.3 to 5.5 

Observed: (IPCC, 
2013a) and (Bureau 
of Meteorology and 
CSIRO, 2018) 

North-western 
and north-
eastern 
Australian seas 

0.12°C per decade 
since 1950 

  (IPCC, 2013a) 

South-eastern 
Australian seas 

0.2°C per decade since 
1950 

  (IPCC, 2013a) 

Southern 
Australia 

 0.5 to 1.4 2.7 to 4.2 (CSIRO and Bureau 
of Meteorology, 
2015) 

Northern 
Australia  

 0.5 to 1.6 2.7 to 4.9 (CSIRO and Bureau 
of Meteorology, 
2015) 

Eastern 
Australia 

 0.6 to 1.6 2.8 to 5.0 (CSIRO and Bureau 
of Meteorology, 
2015) 

Australian 
Rangelands 
(central) 

 0.6 to 1.8 2.9 to 5.3 (CSIRO and Bureau 
of Meteorology, 
2015) 

 5 
[END Table Atlas.6: HERE]  6 
 7 
 8 
Atlas.5.5 Central and South America 9 
 10 
Atlas.5.5.1 Central America 11 
 12 
Regional executive summary 13 
 14 
Warming trends have been observed in most of Central America (high confidence). Significant 15 
warming trends within 0.2°C and 0.3°C per decade have been observed in all the subregions of Central 16 
America in the last 30 years, with the largest increases in the North America monsoon region (high 17 
confidence), with some local cooling trends reported for certain small regions. Trends in precipitation are 18 
non-significant and highly variable all over the region. {Atlas.5.5.1.2} 19 
 20 
Warming trends observed in recent decades are projected to continue to increase over the 21st century 21 
(high confidence). Under the middle emissions scenario (SSP2-4.5) surface warming is likely to exceed 22 
1.5°C for continental Central America before the mid-century, becoming very likely by the end of the 23 
century; in the Caribbean islands, the warming trends are lower. Under the high emissions scenario (SSP5-24 
8.5) surface warming is very likely to exceed 1.5°C before the mid-century and 3°C before the end of the 25 
century, but it is likely to exceed 4.5°C by the end of the century. The Caribbean Islands warming will likely 26 
exceed 1.5°C in the mid-century and 3°C by the end of the century and will very likely exceed 2.3°C by the 27 
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end of the century. {Atlas.5.5.1.4} 1 
 2 
Projected change in mean annual precipitation shows a large spatial variation across Central America. 3 
Mean annual precipitation is likely to decrease as an average in the whole of Central America (low 4 
confidence). Under the middle emissions scenario there are overall negative but non-significant (low 5 
confidence) precipitation trends during the 21st century. Under the high emissions scenario, average 6 
precipitation is likely to decrease in most of the region, particularly in the north-western and central 7 
Caribbean and part of continental Central America. {Atlas.5.5.1.4} 8 
 9 
 10 
Atlas.5.5.1.1 Key features of the regional climate and previous findings from IPCC assessments 11 
Key features of the regional climate 12 
For the purpose of this assessment, the Central America and Caribbean region is split into three subregions: 13 
Central America isthmus (including the Yucatan peninsula), Mexico (centre and north) and the Caribbean 14 
(see Figure Atlas.2:). 15 
 16 
The dominant annual cycle of the Central American region, except for the central part of its Atlantic coast, is 17 
monsoonal, with highest temperatures in April and lowest temperatures in January. Precipitation in most of 18 
Central America is characterized by two maxima in June and September, an extended dry season from 19 
November to May, and a shorter dry season in July and August, known as the midsummer drought (MSD) 20 
(Magaña et al., 1999). To some extent, precipitation seasonality is explained by the migration of the 21 
Intertropical convergence zone (ITCZ) (Taylor and Alfaro, 2005). 22 
 23 
The climate of Mexico is temperate to the north of the Tropic of Cancer, with marked difference between 24 
winter and summer, modulated by the North American monsoon (NAM), while generally arid and tropical to 25 
the south. The precipitation cycle in the southeast presents a midsummer drought (MSD), as most of Central 26 
America. 27 
 28 
The Caribbean islands have two main seasons, characterized by differences in temperature and precipitation. 29 
The wet or rainy season, with higher values of temperature and accumulated precipitation, occurs during the 30 
boreal summer and part of spring and autumn. The MSD is also present in most of the Caribbean, 31 
particularly in the Greater Antilles (Taylor and Alfaro, 2005). A persistent climatological feature of the low 32 
level circulation is the Caribbean low level jet (CLLJ), with a characteristic semi-annual cycle with maxima 33 
in the summer (main) and winter (secondary) (Amador, 1998; Magaña et al., 1999; Whyte et al., 2008).  34 
 35 
One of the most prominent features of the regional climate is the incidence of tropical cyclones (TCs), which 36 
represent an important hazard for almost all the countries of the region between June and November. In the 37 
cyclogenetic regions of the Atlantic and Pacific Oceans and the Gulf of Mexico, TCs frequently enter land, 38 
with strong winds and high precipitation (Hobgood, 2005). The El Niño Southern Oscillation (ENSO) 39 
influences the frequency of TCs developing and passing over the Caribbean, with evidence of multidecadal 40 
variation in storm activity (Taylor and Alfaro, 2005), positively correlated with the Atlantic multidecadal 41 
oscillation (AMO) (Goldenberg et al., 2001). Mexico is also affected by TCs from the Eastern Pacific, which 42 
are modulated by the interannual (ENSO) and decadal and multidecadal (PDO and AMO) fluctuations 43 
(Martinez Sanchez and Cavazos, 2014). 44 
 45 
Previous findings from IPCC assessments 46 
According to the AR5 (IPCC, 2013b), significant positive trends of temperature have been observed in 47 
Central America (high confidence), while significant precipitation trends are regionally dependent, especially 48 
during the summer. In addition, changes in climate variability and in extreme events have severely affected 49 
the region (medium confidence). A decrease in mean precipitation and an increase in extreme precipitation 50 
are projected in continental Central America, associated with tropical cyclones making landfall along the 51 
eastern and western coasts. El Niño and La Niña (teleconnections) are very likely to move eastwards in the 52 
future (medium confidence), while changes in their climate impacts on other regions including Central 53 
America and the Caribbean is uncertain (medium confidence). There is medium confidence in projections 54 
showing an increase in seasonal mean precipitation on the equatorial flank of the ITCZ affecting parts of 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-67 Total pages: 251 

Central America and the Caribbean. 1 
 2 
In relation to the 1986–2005 baseline period, temperatures are very likely to increase by the end of the 3 
century by approximately 0.6°C to 2°C for the RCP2.6 scenario, and by 3.6°C to 5.2°C for the RCP8.5 4 
scenario. Precipitation is projected to vary between +10 and –25% (medium confidence). 5 
 6 
Following the SR1.5 (IPCC, 2018c), there is a high agreement and robust evidence that mean surface 7 
temperature will increase in Small Island Development States (SIDS) at the 1.5°C global warming level. The 8 
Caribbean region will experience a 0.5°C to 1.5°C warming compared to the 1971–2000 baseline period, 9 
with greatest warming over larger land masses. The frequency of warm spell conditions is projected to 10 
increase up to 50% in the Caribbean at the 1.5°C global warming level with a further increase by up to 70 11 
days at 2°C. 12 
 13 
 14 
Atlas.5.5.1.2 Assessment and synthesis of observations, trends and attribution 15 
There is high confidence in enhanced trends of temperature (Cavazos et al., 2019) and its extremes 16 
(heatwaves, hot days, tropical nights, etc.) during the second half of the 20th century over parts of Mexico 17 
(Cueto et al., 2013; Martínez-Austria et al., 2016; Martinez-Austria and Bandala, 2017; Navarro-Estupiñan et 18 
al., 2018) and the Caribbean (Peterson et al., 2002; Cueto et al., 2013; Stephenson et al., 2014; Melissa 19 
McLean et al., 2015). Significant warming trends have been found for most of Central America and the 20 
Caribbean (Planos Gutiérrez et al., 2012; Jones et al., 2016a; Hidalgo et al., 2017; Cavazos et al., 2019), with 21 
significant warming between 0.3°C and 0.4°C per decade for most of the region, but cooling trends have 22 
been detected by Hidalgo et al. (2017) in part of Honduras and northern Panama.  23 
 24 
Changes in mean precipitation rates are less consistent and long-term trends are generally weak. Small 25 
positive trends were observed in the total annual precipitation, daily intensity, maximum number of 26 
consecutive dry days, and episodes of heavy rains (Stephenson et al., 2014). In the Central America Isthmus 27 
region, trends in annual precipitation are generally non-significant, with the exception of small significant 28 
positive trends reported by Hidalgo et al. (2017) for Guatemala, El Salvador and Panama. Planos Gutiérrez et 29 
al. (2012) used a local gridded dataset based on 900 rain gauges for Cuba and found small non-significant 30 
wet trends. Jones et al. (2016a) reported an increase of positive annual precipitation anomalies for the 31 
Caribbean for the 1979–2012 period as a consequence of the rainfall increase during the rainy period. Local 32 
high-resolution surface air temperature and precipitation datasets were used by Hidalgo et al. (2017) to study 33 
climate variability in the Central American isthmus. It was found that the 1970–1999 trends in precipitation 34 
are generally non-significant. 35 
 36 
Figure Atlas.37: shows regional trends in temperature and precipitation for the recent past (1980–2014), 37 
showing a consistent warming in the whole region reaching 0.5°C per decade in Mexico and southern Baja 38 
California. Significant but smaller warming (0.2°C) is also detected in the Yucatan Peninsula, the Guatemala 39 
Pacific coastal region and the Caribbean and the Bahamas, in agreement with Planos Gutiérrez et al. (2012) 40 
who investigated trends in the Cuban climate using a network of 11 local surface meteorological stations for 41 
the 1951–2008 period and of Jones et al. (2016b) who analysed CRU TS-3.1 data for the Caribbean for the 42 
1979–2012 period. In the case of precipitation, there is a large regional variability and no consensus on 43 
significant trends from the three global gridded datasets, in agreement with the finding reported above with 44 
local data. 45 
 46 
A significant positive correlation between precipitation rates in the Caribbean and the AMO index was found 47 
by Enfield et al. (2001). A similar result was found in southern Mexico in the MSD region  (Méndez and 48 
Magaña, 2010; Cavazos et al., 2019). On the other hand, ENSO favours wet conditions in Mexico during 49 
summers of low Pacific Decadal Oscillation (PDO) and during winters of high PDO. Cooler conditions are 50 
favoured during La Niña summers and El Niño winters, regardless of the PDO phase, while summers with 51 
high PDO and El Niño condition favour warmer temperature. In the Pacific coast of the Central America 52 
Isthmus, the MSD intensity and magnitude are correlated with the Niño 3.4 and CLLJ indices in stations, so 53 
that warm anomalies in the Niño 3.4 region correspond to an enhanced CLLJ and a drier MSD (Maldonado 54 
et al., 2016). Positive trends in the duration of the MSD have been found in this region over the past four 55 
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decades (low confidence) (Anderson et al., 2019).  1 
 2 
Increasing trends have been observed in the intensities and precipitation yield of Atlantic TCs in the past few 3 
decades (high agreement), particularly from the 1970s to 1980s (Kossin et al., 2013; Holland and Bruyère, 4 
2014; Walsh et al., 2016; Kossin, 2018). However, this trend cannot be considered as a long-term one 5 
because of the high multidecadal variability (William Landsea, 2015). For the northeast Pacific cyclogenetic 6 
region, no significant trends in intense TCs have been found (Walsh et al., 2016), but interdecadal variability 7 
in TC occurrence over the Pacific coast of Mexico is very important and is likely to be related to the PDO 8 
(Raga et al., 2012; Pazos and Mendoza, 2013). The variation of TC intensity in the region is affected by the 9 
detected poleward migration trend of the location of the moment of maximum intensity of TCs (Kossin et al., 10 
2014).  11 
 12 
 13 
Atlas.5.5.1.3 Assessment of model performance 14 
The ability of climate models to simulate the climate in this region has improved in many key aspects 15 
(Karmalkar et al., 2013; Fuentes-Franco et al., 2014, 2015, 2017; Vichot-Llano et al., 2014; Vichot-Llano 16 
and Martínez-Castro, 2017; Martínez-Castro et al., 2018). Particularly relevant for this region are increased 17 
model resolution and a better representation of the land-surface processes. 18 
 19 
Regional climate models (RCMs) forced with a reanalysis product and atmosphere-only global climate 20 
model (AGCM) provide time-slice simulations with a reasonably good performance over the core Mexican 21 
monsoon and southwest United States regions (Bukovsky et al., 2013). They found that the RCMs do add 22 
value to the GCM simulations. There is high confidence in the ability of RCMs to reproduce the seasonal 23 
spatial patterns of temperature and the bimodal characteristics of the Caribbean rainfall. The PRECIS model 24 
is also skilful at reproducing the observed temperature trends in the whole region, but it has problems 25 
reproducing trends of precipitation in the tropical parts of the domain, underestimating precipitation 26 
(Karmalkar et al., 2013; Centella-Artola et al., 2015). The simulated rainfall climatology of the central 27 
Caribbean basin captures the bimodal characteristics of rainfall in the Caribbean, southern Mexico and part 28 
of the Central America isthmus (Cavazos et al., 2019) though overestimating the late season peak rainfall 29 
and displacing the rainfall maximum to November. The placement of the November-December-January 30 
rainfall maximum south of Jamaica is interesting and suggests that the model may be over- or 31 
underestimating the strength of the CLLJ. It is likely that the PRECIS simulations do not improve with the 32 
size of the domain, as important features of the regional circulation and key rainfall climate features, such as 33 
the CLLJ and MSD, are well represented for a variety of domains of different sizes (Centella-Artola et al., 34 
2015). Recent results show that the RCA4 model (Samuelsson et al., 2011) also reproduces well climate 35 
patterns and features in the region (Cavazos et al., 2019). Using CORDEX output, Cerezo-Mota et al. (2015) 36 
evaluated the capability of four RCMs – RCA 3.5 (Samuelsson et al., 2011), HadGem3-RA (Hewitt et al., 37 
2011), REMO (Jacob, 2001) and RegCM4 –, using ERA-Interim as driving data, to reproduce the climate of 38 
the North American Monsoon region, including the northern part of Mexico. They especially analysed two 39 
years of extremely low and high precipitation within the period of simulations, with good results in the 40 
reproduction of the key climatic features of the region. Cabos et al. (2018) applied the ROM oceanic model 41 
(Sein et al., 2015) coupled with the REMO model to the Central America isthmus and Mexico to simulate 42 
the climate in the region, showing improvements in the reproduction of the onshore and offshore 43 
precipitation and of regional climate features such as the MSD and CLLJ. The PRECIS model also showed 44 
skill in reproducing the observed negative trends in consecutive wet days (CWD) and negative trends in 45 
extreme rainfall events (R95p) over the Caribbean, as other extreme precipitation and temperature indexes, 46 
including their correct regional distribution (McLean et al., 2015). 47 
 48 
About RegCM4, there is high confidence that the model provides consistent reproductions of the main 49 
climate features of the region, for horizontal resolutions of 50 and 25 km and different combinations of 50 
physical parameterizations (robust evidence), including climatic features such as the MSD and CLLJ 51 
(Martínez-Castro et al., 2006, 2016, 2018; Diro et al., 2012; Vichot-Llano et al., 2014). 52 
 53 
Representation of tropical cyclones in numerical models 54 
 55 
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The representation of TCs in numerical models (Serreze et al., 2000; Nguyen, 2001; Walsh et al., 2004; Diro 1 
et al., 2014; Fuentes-Franco et al., 2014, 2017) is one of the most important challenges in tropical regions 2 
and particularly in Central America and the Caribbean. As these cannot be obtained directly from the wind 3 
fields, it is necessary to develop algorithms for their detection, which identify in the fields the grid-point 4 
structure that meets the characteristics defining a TC. Fuentes-Franco et al. (2014) used a simple detection 5 
algorithm to detect days with cyclonic vortices, namely at least once a day the wind speed is greater than or 6 
equal to 21 m s–1, the pressure at sea level is less than or equal to 1005 hPa and the highest precipitation 7 
intensity greater or equal to 15 mm day–1. In the same way, Diro et al. (2014) examined the characteristics of 8 
TCs in the CORDEX Central America (CAM) domain for present and future periods, with the aim of 9 
reducing the scale to 50 km and increasing the capacity of vortex detection. It is very likely that the regional 10 
climate model RegCM4 adequately reproduces the cyclogenetic zones of the region (Diro et al., 2014; 11 
Fuentes-Franco et al., 2014) using reanalysis fields as boundary conditions. The results showed good 12 
agreement with the observed climatology, with some overestimation in the tropical North Atlantic and the 13 
Caribbean, and underestimation in the tropical eastern Pacific. Fuentes-Franco et al. (2017) used the same 14 
methodology – but removing the precipitation threshold –, to evaluate the occurrence of cyclonic vortices at 15 
different grid intervals of 50 and 25 km. The model showed a response dependent on the specific 16 
cyclogenetic zone, with greater sensitivity to physics schemes than to resolution. The parameterization of 17 
ocean flows strongly influenced the frequency of estimated vortices and their intensity. However, the 18 
methodology applied to assess the sensitivity to resolution could be questioned, since the same detection 19 
thresholds are used for different resolutions, not taking into account the experience of previous investigations 20 
(Walsh et al., 2007). 21 
 22 
 23 
Atlas.5.5.1.4 Assessment and synthesis of projections 24 
Results have been reported for this region based on the GCM outputs from CMIP3 and CMIP5, and on 25 
regional projections downscaling these GCMs, using the CORDEX CAM domain or similar smaller domains 26 
(Taylor et al., 2013; Vichot-Llano et al., 2019). Statistical downscaling methods of CMIP5 projections have 27 
been also applied to obtain bias-adjusted regional projections (Colorado-Ruiz et al., 2018; Taylor et al., 28 
2018; Vichot-Llano et al., 2019). Figure Atlas.37: summarizes the results for this region for CMIP5 and 29 
CMIP6. 30 
 31 
Global and regional models highly coincide in projecting warming in the whole region for the end of the 32 
century, under scenarios A2 and B2 for CMIP3 projections and under RCP4.5 and RCP8.5 for CMIP5 33 
projections. Herein, the projected warming was greater for continental than insular territories, generally 34 
reaching values between 2°C and 4°C (high confidence) (Campbell et al., 2011; Karmalkar et al., 2011; 35 
Cavazos and Arriaga-Ramírez, 2012; Cantet et al., 2014; Colorado-Ruiz et al., 2018). The greatest warming 36 
of 5.8°C for the end of the century was projected for northern Mexico by Colorado-Ruiz et al. (2018) under 37 
RCP8.5, using an ensemble of CMIP5 GCMs (see also Figure Atlas.37:). On the other hand, high-resolution 38 
regional projections for the 2021–2050 period relative to the 1961–1990 baseline period were made by 39 
Imbach et al. (2018) using the Eta regional climate model at an 8-km resolution and driven by HadGEM2-ES 40 
with the RCP4.5 scenario. They projected a warming in the Central America isthmus for 2021–2050 of about 41 
1.6°C to 2.4°C.  42 
 43 
Much more uncertainty is found in the precipitation projections. Using the PRECIS model under the A2 and 44 
B2 scenarios and for the end of the century, Karmalkar et al. (2011) projected a precipitation increase in the 45 
dry season for the northern Caribbean region and a precipitation decrease for the southern Caribbean (25–46 
50%). They also projected a drying of up to 35% under the A2 scenario during the wet season for the whole 47 
Caribbean. 48 
 49 
Twenty first century projections were developed by Cavazos and Arriaga-Ramírez (2012) by applying bias-50 
correction and statistical downscaling methods to the projections output of six CMIP3 GCMs for the NAM 51 
region and north-western Mexico. The projections showed larger interannual variations and larger 52 
uncertainties for precipitation than for temperature. The A2 scenarios show the largest reductions of 53 
precipitation in the last 20 years of the 21st century and a decrease of 30% is projected for Baja California 54 
mainly in winter and spring, while precipitation in the NAM region is projected to decrease by 20% during 55 
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winter, spring and summer. 1 
 2 
Maloney et al. (2014) examined 21st-century climate projections of north American climate in CMIP5 3 
models under RCP8.5, including Central America and the Caribbean. Summertime drying was projected in 4 
the Caribbean and southern Mexico for most of the models, with good agreement. The strongest drying is 5 
projected to occur during July and August which are the months when the MSD occurs in many subregions. 6 
The maximum MSD signal increases from 2.5 mm day–1 to 3–4 mm day–1 in the RCP4.5 forcing experiment, 7 
with slight intensification in amplitude and expansion in the affected area for RCP8.5.  8 
 9 
Similar results were obtained by Colorado-Ruiz et al. (2018) who developed climate change experiments 10 
with ensembles of 14 GCMs from CMIP5 for a 1971–2000 baseline period and with future scenarios RCP4.5 11 
and RCP8.5, finding that precipitation may decrease between 5 and 10% by the end of the century for the 12 
RCP4.5 and RCP8.5 scenarios respectively. The largest impacts are expected during summer with a possible 13 
decrease of 13%, especially in southern Mexico, Central America and the Caribbean. Dynamically 14 
downscaled simulations by Bukovsky et al. (2015) also projected a decrease of precipitation for the middle 15 
of the century (2041–2069) relative to 1971–1999 for the north of Mexico (low confidence), even though 16 
there was good agreement among the members of the applied model ensemble.  17 
 18 
Decreased precipitation was projected for the Central America isthmus by Imbach et al. (2018) with the 8-19 
km resolution Eta RCM during the rainy season, including an intensification of the MSD, although no 20 
significant change was projected for the CLLJ.  21 
 22 
Figure Atlas.37: shows the climate fields for temperature and precipitation for CMIP5 RCP8.5 and CMIP6 23 
SSP5-8.5 and the 2041–2060 time slice with very similar results for temperature, with projected consistent 24 
and significant warming for all the subregions, with higher values for the north of Mexico and central 25 
southern USA (above 2.5°C). Most of the rest of the continental land of the region would warm up to 2°C, 26 
while the Caribbean would reach 1.5°C of warming, while for the south-eastern Caribbean and the Lesser 27 
Antilles the warming would be limited to 1°C. For precipitation, there is large uncertainty in the region for 28 
this period (mid-term). However, there is high agreement in the projected decrease of precipitation by the 29 
end of the century for most of the region particularly for annual and summer precipitation, but there is low 30 
confidence on the magnitude of this decrease which varies between 5 and 50% for different projections and 31 
different subregions (see extended information in the Interactive Atlas). 32 
 33 
The status of climate extreme trends and projections for the region has been reviewed in Chapter 11 and the 34 
main findings are synthesized below. 35 
 36 
There is a high confidence that estimated trends of temperature and its extremes (heatwaves, hot days, 37 
tropical nights, etc.) over parts of Mexico (Cueto et al., 2010, 2013; Martínez-Austria et al., 2016; Martinez-38 
Austria and Bandala, 2017; Navarro-Estupiñan et al., 2018) and the Caribbean (McLean et al., 2015) have 39 
increased in the last 30 to 40 years. The severity of droughts increased in the Caribbean Islands from 1950 to 40 
2016 (Herrera and Ault, 2017; Stennett-Brown et al., 2017) and severe drought events have been partially 41 
attributed to anthropogenic warming (Herrera et al., 2018) (medium confidence). Several studies have found 42 
drought trends in different parts of the region (low confidence).  43 
 44 
There is also high confidence in the projections of an increase in surface air temperature over Central 45 
America (Chou et al., 2014a; Coppola et al., 2014a; Hidalgo et al., 2017; Imbach et al., 2018), including 46 
massive heatwaves events at the end of the century in the Central America isthmus region (Angeles-47 
Malaspina et al., 2018) and an increase in warm days and warm nights over this region and the Caribbean 48 
(Stennett-Brown et al., 2017). For the Caribbean islands, using CMIP3 models, Karmalkar et al. (2013) 49 
found evidence for an increase in drought severity at the end of the century, mainly due to precipitation 50 
decrease during the early wet season. In the Central America isthmus, projections suggest an increase in the 51 
MSD (Imbach et al., 2018) and consecutive dry days (CDD) (Chou et al., 2014a; Giorgi et al., 2014). This is 52 
consistent with the projections of Stennett-Brown et al. (2017).  53 
 54 
 55 
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[START Figure Atlas.37: HERE] 1 
 2 
Figure Atlas.37: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018). 14 
(g–i) Regional mean changes in annual mean surface air temperature and precipitation for the three 15 
Central American regions (NCA, SCA and CAR). The top row shows the median (dots) and 10th–16 
90th percentile range across each model ensemble for annual mean temperature changes, for two 17 
datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first 18 
four bars represent the additional warming projected relative to the historical baseline 1995–2014 19 
period to reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six 20 
projected changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 21 
2081–2100) compared to this same historical baseline period. The bottom row shows scatter diagrams 22 
of temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 23 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 24 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-25 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  26 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 27 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 28 

 29 
[END Figure Atlas.37: HERE] 30 
 31 
 32 
Atlas.5.5.2 South America 33 
 34 
Regional executive summary 35 
 36 
Warming trends have been observed across most of South America (high confidence). It is very likely 37 
that the average temperatures across the South America regions have warmed almost 0.2°C per decade from 38 
1980 to 2014, particularly in central and northern South America (high confidence), while the southern 39 
regions are warming at a slower rate (low confidence). {Atlas.5.5.2.2 Figure Atlas.39:} 40 
 41 
Warming trends observed in recent decades are projected to continue over the 21st century (high 42 
confidence). There is high confidence that the surface temperature is projected to very likely exceed 1.5°C 43 
before mid century over the South America regions under all emission scenarios (RCPs and SSPs). Warming 44 
is likely  to exceed 4°C for the end of the 21st century (2081–2100) under the high-emission scenario 45 
(RCP8.5/SSP5-8.5). {Atlas.5.5.2.4 Figure Atlas.39:} 46 
 47 
Projected change in mean annual precipitation shows a large spatial variation across South America. 48 
However, it is likely projected to increase in southeast South America (SES) and decrease in southwest 49 
South America (SWS) with increased levels of warming (medium confidence). For the period 2081–2100, 50 
compared to present day, the northern and southwest South America are projected to experience a decrease 51 
in annual mean precipitation in the range of about –22 to –0.3 % (5–95% range of available CMIP6 52 
projections). An increase (> 50%) in mean annual precipitation is projected over southern South America 53 
(medium confidence). The projected change in rainfall exhibits a large spatial variation across other South 54 
America regions with larger uncertainty (low confidence). {Atlas.5.5.2.4 Figure Atlas.39:} 55 
 56 
 57 
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Atlas.5.5.2.1 Key features of the regional climate and previous findings from IPCC assessments 1 
 2 
Key features of the regional climate 3 
The South America region is characterized by numerous regional and local climates which are influenced by 4 
multiple forcings. The main large-scale drivers include the interdecadal modes of natural variability – the 5 
Atlantic Multi-decadal Oscillation (AMO), the North Atlantic Oscillation (NAO), the Pacific Decadal 6 
Oscillation (PDO) –, the interannual to annual modes of natural variability – the El Niño-Southern 7 
Oscillation (ENSO), the Indian Ocean Dipole (IOD), the Quasi-Biennial Oscillation (QBO) –, the seasonal 8 
variability driven by the meridional migration of the Intertropical Convergence Zone (ITCZ) and the timing 9 
and intensity of the South American Monsoon System, the Madden-Julian Oscillation (MJO) subseasonal 10 
mode of natural variability, and the behaviour at finer scales of the tropical easterly waves.  11 
 12 
At the subregional scale, several phenomena drive climate variability. In the Amazon (SAM), key drivers 13 
include the South-Atlantic Convergence Zone (Marengo et al., 2012), the Bolivian high, the 40- to 60-day 14 
intraseasonal oscillation, and the forcing of the high Andes Mountains to the west (Almeida et al., 2017). In 15 
the south-western South America (SWS) strip, climate is driven by seasonal changes in the position of 16 
subtropical high-pressure air masses in the South Atlantic and South Pacific oceans, the Antarctic 17 
Oscillation, the dynamics of the cold Humboldt ocean current, and the icy cold fronts and mid-latitude 18 
westerlies (Valdés-Pineda et al., 2016). In the densely populated, highly productive subregion of south-19 
eastern South America (SES), climatic conditions are strongly tied to ENSO, whose influence is moderated 20 
by local air-sea thermodynamics in the South Atlantic (Barreiro, 2010). Lastly, the climate of the southern 21 
tip of South America (SSA) is influenced by the Southern Annular Mode, and the interaction between the 22 
wetter Pacific winds and the Andean Cordillera (Aceituno, 1988; Silvestri and Vera, 2009). 23 
 24 
Given that climates and biomes transcend national political boundaries, new regions have been used for the 25 
assessment (see Figure Atlas.2:) that have a consistent climate change response signal and are climatically 26 
consistent (Solman et al., 2008; Neukom et al., 2010; Barros et al., 2015; Nobre et al., 2016). Several studies 27 
have also used these regions for analysis and impact studies (Fu et al., 2013; Cabré et al., 2016). 28 
 29 
Previous findings from IPCC assessments 30 
 31 
Some of the main findings of the most recent IPCC assessment reports – the Fifth Assessment Report (AR5) 32 
for the Working Group I (IPCC, 2013b) and Special Report on 1.5°C Global Warming (IPCC, 2018b) are 33 
outlined below.  34 
 35 
AR5 WGI (Flato et al., 2013b) noted that climate simulations from CMIP3 and CMIP5 models were able to 36 
well represent the main climatological features, such as seasonal mean and annual cycle (high confidence), 37 
although some biases remained over the Andes, Amazon basin and for the South America Monsoon. On the 38 
other hand, climate models from CMIP5 showed better results when compared to CMIP3.  39 
 40 
CMIP5 models have projected increased surface temperatures for South America. A temperature change 41 
exceeding 2°C at the end of the century under all assessed emission scenarios throughout South America is 42 
expected (high confidence).  43 
 44 
Projections for precipitation are more uncertain, but the highlights are robust increases in mean precipitation 45 
in SES and rainfall decrease in northern South America (NSA) and northeast South America (NES) (high 46 
confidence).  47 
 48 
The projected frequency and magnitude of extreme events, such as floods and droughts in some areas are 49 
smaller under 1.5°C than under 2°C of warming (medium confidence). The differences in the risks among 50 
areas are strongly influenced by local socio-economic conditions (medium confidence). 51 
 52 
 53 
Atlas.5.5.2.2 Assessment and synthesis of observations, trends and attribution 54 
Studies on climate trends in South America indicate that mean temperature and extremely warm maximum 55 
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and minimum temperatures have shown an increasing trend (high confidence), particularly for a large region 1 
in northern South America and south-western Andes (NSA, SAM, NES, SWS and the north of SES regions) 2 
(Figure Atlas.38:a; Figure Atlas.39:a) (Skansi et al., 2013; de Barros Soares et al., 2017a). The observed 3 
temperature anomalies showed an increase in intensity and in frequency of heatwave events in an area 4 
covering most of South America between 1980 and 2014 (Ceccherini et al., 2016) (see Chapter11). 5 
Conversely, there has been no significant change for cold waves. Also, the trend of the difference between 6 
the annual mean of the daily maximum temperature and the annual mean of the daily minimum temperature 7 
was positive – up to 1°C per decade – over the extratropics with the maximum temperature generally 8 
increasing faster than the minimum temperature, while a negative trend – up to –0.5°C per decade – was 9 
observed over the tropics. 10 
 11 
Regionally, analyses of temperatures point to an increased warming trend (high confidence) over Amazonia 12 
over the last 40 years, which reached approximately 0.6°C–0.7°C (Figure Atlas.39:a) and with stronger 13 
warming during the dry season and over the southeast. The analyses also showed that 2016 was the warmest 14 
year since at least 1950 (Marengo et al., 2018). In many areas in Brazil the frequency and length of 15 
heatwaves has increased over the last five decades (Bitencourt et al., 2016) (see Chapter 11). Trends for 16 
temperature extremes are also positive over most of Argentina during the recent decades (Barros et al., 2015) 17 
(Figure Atlas.38:). In central Argentina, the trends of temperature extremes show warming in several months 18 
with clear increases in heatwaves. However, in other parts of the country, combinations of different trends 19 
and decadal variability resulted in some cases in a decrease of extreme heatwaves (Rusticucci et al., 2016). 20 
In addition, analysis of the Hadley Centre extremes dataset, HadEX2 (Donat et al., 2013), showed a decrease 21 
in the annual maximum of daily maximum temperature values over south-eastern South America (SES) in 22 
the second half of the 20th century mostly caused by stratospheric ozone depletion over the South Pole (Wu 23 
and Polvani, 2017). Andean temperatures showed significant warming trends, especially at inland and higher 24 
elevation sites, while trends are non-significant or negative at coastal sites (Vuille et al., 2015; Burger et al., 25 
2018; Vicente-Serrano et al., 2018). The analysis over central Chile also showed that the positive trends are 26 
largely restricted to austral spring, summer and autumn seasons for mean, maximum and minimum 27 
temperatures (Burger et al., 2018; Vicente-Serrano et al., 2018). Over Peru maximum air temperature trends 28 
mainly amplified during the austral summer, but cold season minimum air temperature trends showed an 29 
opposite pattern, with the strongest warming being recorded in the austral winter (Vicente-Serrano et al., 30 
2018).  31 
 32 
In general, the spatial patterns of observed trends in temperature are more consistent than for precipitation 33 
across the whole South America as can be seen in Figure Atlas.38: where the trends in annual precipitation 34 
totals are shown. However, significant changes in the spatial and temporal rainfall variability were observed 35 
over South America in recent decades, although subject to observational uncertainty (de Barros Soares et al., 36 
2017a) (medium confidence). In southeast Brazil there is a region of highly significant decrease of rainfall in 37 
both wet and dry seasons recorded in the period 1979–2011 (Rao et al., 2016). In contrast, southern South 38 
America has experienced significant increase of the annual precipitation since the beginning of the 20th 39 
century, mostly explained by positive trends in austral summer (Saurral et al., 2017). In eastern Argentina, 40 
southern Brazil and western Uruguay, a positive significant increase of total annual precipitation and 41 
intensity of rainfall events has been observed (Figure Atlas.38:) (Scian and Pierini, 2013; Barros et al., 2015; 42 
Cavalcanti et al., 2015; Hannart et al., 2015a; Vera and Díaz, 2015; Wu and Polvani, 2017) from the late 43 
1960s which increase the probability of extreme flows over the main rivers of the Plata Basin. An increase in 44 
precipitation in eastern Patagonia and a marked decrease in rainfall in Chile was also found in agreement 45 
with the trends in annual precipitation totals (Vera and Díaz, 2015) displayed in Figure Atlas.38:. 46 
 47 
The Amazon biome is perhaps the most-studied in South America due to the important role it plays in the 48 
global energy balance, hydrological cycle and carbon balance. The Amazon Basin has experienced more 49 
frequent floods and droughts over the past two decades (Espinoza et al., 2013; Gloor et al., 2015; Marengo 50 
and Espinoza, 2016). Observational studies also show that the dry-season length over southern Amazonia has 51 
increased significantly since 1979, and accompanied by a prolonged fire season (Fu et al., 2013; Alves, 52 
2016). On the other hand, recent analyses of Amazon hydrological and precipitation data suggest an 53 
intensification of the hydrological cycle over the past few decades (Gloor et al., 2015). In general, these 54 
changes are attributed mainly to decadal climate fluctuations (high confidence), El Niño-Southern 55 
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Oscillation (ENSO), the Atlantic SST north-south gradient, feedbacks between fire and land-use change 1 
mainly across south south-eastern Amazon and changes in the frequency of organized deep convection 2 
(Fernandes et al., 2015; Sánchez et al., 2015; Tan et al., 2015).  3 
 4 
 5 
[START Figure Atlas.38: HERE] 6 
 7 
Figure Atlas.38: Local robust trends estimated annually for the 1969–2009 period for (a) cold nights (upper left), cold 8 

days (upper right), warm nights (bottom left) and warm days (bottom right) and (b) for annual total 9 
rainfall (upper left), very wet days (upper central), extremely wet days (upper right), annual maximum 10 
consecutive 5-day precipitation (bottom left), annual maximum 1-day precipitation (bottom central) 11 
and consecutive dry days (bottom right). (Skansi et al., 2013) 12 

 13 
[END Figure Atlas.38: HERE] 14 
 15 
 16 
Anthropogenic forcing in CMIP5 models explains with the overall warming (high confidence) over the entire 17 
South American continent, including the increase in the frequency of extreme temperature events (Hannart et 18 
al., 2015) such as the Argentinian heatwave of December 2013. It has a detectable influence in explaining 19 
the precipitation positive and negative trends observed in regions such as SES and the Southern Andes (Vera 20 
and Díaz, 2015; de Barros Soares et al., 2017b; Boisier et al., 2018; de Abreu et al., 2019). Despite that, there 21 
is limited evidence that human-induced greenhouse gas emissions had an influence on the 2014/15 water 22 
shortage in Southeast Brazil (Otto et al., 2015).  23 
 24 
In general, analyses of historical temperature time series strongly point to an increased warming trend (high 25 
confidence) across many South American regions, except for a cooling off the Chilean coast. Annual rainfall 26 
has increased over south-eastern South America and decreased in most tropical land regions (high 27 
confidence). The number and strength of extreme events, such as extreme temperatures, droughts and floods, 28 
have already increased (medium confidence) (see Chapter 11).  29 
 30 
It is still noted that the major barrier to the study of climate change in many regions of South America is the 31 
absence or insufficiency of long time series of observational data. Most national datasets were created in the 32 
1970s and 1980s, preventing a more comprehensive long-term trend analysis. To fulfil the users demand for 33 
climatological and meteorological data products covering the whole region, several interpolation techniques 34 
have been used – reanalysis and gridded gauge-analysis products – that add the necessary spatial detail to the 35 
climate analyses over land and for climate variability and trend studies, however subject to uncertainties 36 
(Skansi et al., 2013). 37 
 38 
 39 
Atlas.5.5.2.3 Assessment of model performance 40 
As reported in Chapter 9 of the WGI AR5 (Flato et al., 2013b), the global models are able to reproduce quite 41 
well the general features of the regional-scale mean surface temperature (high confidence, robust 42 
agreement). However, the models continued to perform less well for precipitation (although regional-scale 43 
patterns have improved) than for surface temperature, and the assessment remains difficult owing to 44 
observational uncertainties. In addition, the multi-model mean is closer to observations than most of the 45 
individual models (high confidence). Since AR5 the number of publications on climate model performance 46 
and their projections in South America has increased, particularly for regional climate modelling studies 47 
(Ambrizzi et al., 2019).  48 
 49 
Most global and regional climate models can simulate reasonably well the current climatological features of 50 
South America, such as seasonal mean and annual cycles, while underestimating rainfall over tropical South 51 
America including the Amazon, northeast Brazil and the Andes (Joetzjer et al., 2013; Torres and Marengo, 52 
2013a; Yin et al., 2013; Fernandes et al., 2015; Yoon, 2016). During the dry season, both convective and 53 
large-scale precipitation are underestimated in most models over Amazonia (Yin et al., 2013). Over regions 54 
with complex orography, such as the subtropical central Andes, the CMIP5 models were found to reproduce 55 
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adequately well the regional and seasonal surface temperature and precipitation, as well as sea-level pressure 1 
and circulation (Zazulie et al., 2017). These improvements in climate modelling have advanced 2 
understanding of climate variability in South America; however, significant biases persist mainly at regional 3 
scales (Blázquez and Nuñez, 2013; Gulizia et al., 2013; Joetzjer et al., 2013; Jones and Carvalho, 2013; 4 
Torres and Marengo, 2013a; Gulizia and Camilloni, 2015; Zazulie et al., 2017; Abadi et al., 2018; Barros 5 
and Doyle, 2018). The biases in seasonal precipitation, annual precipitation and climate extremes over 6 
several regions of South America were reduced, including the Amazon, central South America, Bolivia, 7 
eastern Argentina and Uruguay, in the CMIP5 models when compared to those of CMIP3 (medium 8 
confidence) (Díaz and Vera, 2017). In general, the multi-model ensemble results have demonstrated better 9 
performance compared to individual models in most seasons and regions (Sillmann et al., 2013b; Torres and 10 
Marengo, 2013a; Gulizia and Camilloni, 2015). The representation of the South America Monsoon System 11 
(SAMS) life cycle exhibited a significant improvement in some CMIP5 models when compared to their 12 
versions in the CMIP3 whereas others continue to have problems in representing accurately the main SAMS 13 
features, such as amplitude and length (Jones and Carvalho, 2013; Reboita et al., 2014; de Carvalho and 14 
Cavalcanti, 2016). 15 
 16 
RCM simulations showed a systematic temperature underestimation over the Amazon, temperature 17 
overestimation and precipitation underestimation over La Plata Basin, with the warm bias amplified for 18 
austral summer and the dry bias amplified for the rainy season (Solman et al., 2013; Reboita et al., 2014; 19 
Solman, 2016a). The dry bias shown by most RCMs in the La Plata Basin is partially due to errors in 20 
representing cold-front passages over southern Brazil (de Jesus et al., 2016). In summer the precipitation bias 21 
is explained by too few passages of cold fronts, while in winter it is explained by the fact that low pressure 22 
systems are not deep enough and that there is a lack of moisture availability in low levels.  23 
 24 
The evaluation of statistical downscaling models (ESD) in representing the different regional climate 25 
features in South America has increased since the AR5 assessment, however there are still few ESD studies 26 
over the different subregions. Precipitation simulations based on ESD models properly reproduce mean 27 
precipitation over tropical and subtropical South American regions, especially with maximum precipitation 28 
areas in western Colombia, south-eastern Peru, central Bolivia and the La Plata basin (Souvignet et al., 2010; 29 
Mendes et al., 2014; Palomino-Lemus et al., 2015, 2017, 2018; Soares dos Santos et al., 2016; Troin et al., 30 
2016; Bettolli and Penalba, 2018; Bettolli et al., submitted). Major discrepancies are linked with dry areas or 31 
with unreliable coverage of data. Temperature simulations are fewer but satisfactory over the La Plata Basin 32 
plains as well as the complex orography of north central Chile (Souvignet et al., 2010; Bettolli and Penalba, 33 
2018). 34 
 35 
Overall, climate modelling has made some progress in the past decades, but the results reveal that there is no 36 
model that performs well in simulating all aspects of the present climate over South America. The 37 
performance of the models varies according to the region, time scale, and variables analysed (Abadi et al., 38 
2018). There is also a fairly narrow spread in the representation of temperature and precipitation over South 39 
America by the CMIP5 GCMs and also the RCMs, with biases that can be associated with the 40 
parametrizations and schemes of surface, boundary layer, microphysics and radiation used by the models. 41 
Finally, observational reference datasets, such as reanalysis products, used in the calibration and validation 42 
of climate models also can be quite uncertain and may explain part of the important biases present in climate 43 
models.  44 
 45 
 46 
Atlas.5.5.2.4 Assessment and synthesis of projections 47 
Previous assessments, as was shown in AR5 WGI Chapter 12, AR5 WGII Chapter 27 and SR1.5 Chapter 3, 48 
based on the CMIP5 multi-model projections, have suggested that substantial warming (2°C to 6°C) would 49 
occur in a large portion of South America at the end of 21st century for all emission scenarios (RCPs) (high 50 
confidence). Rainfall changes for South America vary geographically, most notably showing a reduction in 51 
northeast Brazil, and an increase in southern South America (high confidence).  52 
 53 
Anthropogenic GHG emissions are indeed expected to alter substantially the climate over South America in 54 
the coming decades (Solman et al., 2013; Reboita et al., 2014, 2016, 2018; Coppola et al., 2014a; da Rocha 55 
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et al., 2014; Llopart et al., 2014a, 2019; Sánchez et al., 2015a; Cabré et al., 2016; Ruscica et al., 2016a; 1 
Menéndez et al., 2016a; Fernandez et al., 2017; Palomino-Lemus et al., 2017, 2018; Ambrizzi et al., 2019; 2 
Zaninelli et al., 2019a). Increases in extreme events, such as flood, drought, and heatwaves (Batista et al., 3 
2016; Giorgi et al., 2014; López-Franca et al., 2016; Marengo et al., 2017; Sillmann et al., 2013) associated 4 
with climate change may pose severe stresses on natural ecosystems and various sectors of society in the 5 
continent (see Chapter 12). 6 
 7 
According to GCM, RCM and ESD projections, it is very likely that temperature will increase over South 8 
America by a wide range – from 1.0°C up to 6.0°C – by the end of the 21st century under all emission 9 
scenarios (Souvignet et al., 2010; Coppola et al., 2014b; Sánchez et al., 2015b; Solman, 2016b; Ambrizzi et 10 
al., 2019; Llopart et al., 2019), with the highest warming projected over the central South America as shown 11 
in Figure Atlas.39: (Chou et al., 2014b; Coppola et al., 2014b; Cabré et al., 2016; Menéndez et al., 2016a; 12 
Ruscica et al., 2016a; Llopart et al., 2019) (high confidence). The temperature change is larger than the 13 
interannual variability range for the entire South America (high confidence) (Torres and Marengo, 2013b).  14 
 15 
The precipitation changes expected for the late 21st century are complex due to the large spread exhibited by 16 
the future projections, but the ensemble average changes indicate a general drying of northern and wetting of 17 
southern South America east of the Andes (medium confidence) (Solman, 2013; Chou et al., 2014b; Llopart 18 
et al., 2014b; Reboita et al., 2014; Sánchez et al., 2015a; Menéndez et al., 2016b; Ruscica et al., 2016b; 19 
Zaninelli et al., 2019a; Reboita et al., submitted), though with a large inter-model spread (Solman, 2013; 20 
Coppola et al., 2014b; Llopart et al., 2014b, 2019; Sánchez et al., 2015a). A decline in precipitation in the 21 
Chilean Andes and an increase in the west of Colombia is also likely expected (Souvignet et al., 2010; 22 
Palomino-Lemus et al., 2017, 2018). Alves et al.(submitted) suggest that all the Brazilian regions will 23 
experience more rainfall variability in the future, i.e., drier dry periods and wetter wet periods on daily, 24 
weekly, monthly and seasonal timescales, despite the future changes in mean rainfall being currently 25 
uncertain. These changes will clearly impact natural and agricultural ecosystems (Camilo et al., 2018). On 26 
the other hand, according to Torres and Marengo (2013) the projected changes of precipitation have the same 27 
magnitude as the natural variability, however these results do not apply to the climate projections of climate 28 
extremes (see Chapter 11).  29 
 30 
To assess the future climate changes in precipitation and mean temperature due to the global warming, the 31 
mean changes over seven key regions in South America (NSA, SAM, NWS, NES, SWS, SES, and SSA; see 32 
Figure Atlas.39:) are shown in tables Atlas.A.3 to Atlas.A.9 (see Appendix Atlas.A) that summarize the 33 
projected changes expected for the end of this century, relative to the present day. The baseline depends on 34 
the reference article – for example, Coppola et al. (2014) used 1975–2005 as reference period while Mourão 35 
et al. (2016) used 1961–1990. 36 
 37 
As shown in Figure Atlas.39: mean temperature is expected to increase according to simulations of both 38 
CMIP5 and CMIP6 models over all South America. The projected increases in temperature are greater in the 39 
latter dataset with the highest values reaching 6°C over the SAM region by the end of the 21st century (high 40 
confidence). For precipitation, there is a high agreement over the whole continent with significant decreases 41 
in the south of Chile and Argentina of up to 40% (south of SWS and SSA) and increases in the coastal areas 42 
of Peru and Ecuador of up to 50% (NWS).  43 
 44 
 45 
[START Figure Atlas.39: HERE] 46 
 47 
Figure Atlas.39: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 48 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 49 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 50 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 51 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 52 
over this period.  53 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 54 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 55 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 56 
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1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 1 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 2 
2018). 3 
(g–m) Regional mean changes in annual mean surface air temperature and precipitation for the seven 4 
South American regions (NWS, NSA, SAM, NES, SWS, SES and SSA). The top row shows the 5 
median (dots) and 10th–90th percentile range across each model ensemble for annual mean 6 
temperature changes, for two datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and 7 
SSP5-8.5/RCP8.5). The first four bars represent the additional warming projected relative to the 8 
historical baseline 1995–2014 period to reach the two global warming levels (GWL; +1.5°C and 9 
+2°C) and the remaining six projected changes over three time periods (near-term 2021–2040, mid-10 
term 2041–2060 and long-term 2081–2100) compared to this same historical baseline period. The 11 
bottom row shows scatter diagrams of temperature against precipitation changes, displaying the 12 
median (dots) and 10th–90th percentile ranges for four future periods (2021–2040, 2041–2060, 2061–13 
2080, 2081–2100) compared to the historical baseline period, as obtained from CMIP6 projections for 14 
three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes are absolute for temperature and relative 15 
for precipitation.  16 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 17 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 18 

 19 
[END Figure Atlas.39: HERE] 20 
 21 
 22 
Atlas.5.6 Europe 23 
 24 
Regional executive summary 25 
 26 
In most European areas it is very likely that positive trends in extreme precipitation and warm 27 
temperatures are persistent. This is documented using new datasets with homogenized observations at 28 
higher spatial and temporal resolution. {Atlas.5.6.2} 29 
 30 
It is very likely that a substantial number of weather events involving extreme temperatures in Europe 31 
can be attributed to human contributions to climate change. This is following the application of a range 32 
of methods (high confidence). Increasing trends in surface shortwave radiation are likely attributed to 33 
decreasing trends in aerosol concentrations. {Atlas.5.6.2} 34 
 35 
Model representation of the climatology of European mean and extreme temperature and 36 
precipitation has improved compared to AR5 (likely). This is aided by continuous model development, 37 
the existence of new coordinated modelling initiatives dedicated to Europe such as Euro-CORDEX and 38 
Med-CORDEX, and the release of new (high-resolution) observational data sets and reanalysis data. 39 
{Atlas.5.6.3} 40 
 41 
There is medium confidence that high-resolution, convection permitting RCMs have a better 42 
representation of characteristics of extreme precipitation (e.g., diurnal cycles, mesoscale convective 43 
events, extremes) and exhibit stronger responses in the tails of the precipitation distribution than coarser 44 
resolution models. {Atlas.5.6.3} 45 
 46 
The subset of CMIP6 results available in the Interactive Atlas at the time of the release of the SOD 47 
shows higher future warming in the European regions in DJF and JJA than CMIP5, corresponding to 48 
a larger climate sensitivity of the CMIP6 models (likely). JJA precipitation in NEU and EEU is likely 49 
lower in CMIP6 than in CMIP5. {Figure Atlas.40:, Figure Atlas.41:} 50 
 51 
It is very likely that strong winter warming in Northern Europe and strong summer warming in 52 
Southern Europe will continue. It is likely that the associated northern European increase in seasonal 53 
mean precipitation and reduced summer mean precipitation in southern Europe will continue. 54 
Different regional warming levels will be reached depending on the level of global warming. {Atlas.5.6.4} 55 
 56 
Projections of summer surface radiation, surface temperature and precipitation of RCMs and GCMs 57 
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are frequently inconsistent. There is limited evidence that some of these inconsistencies can be attributed to 1 
the treatment of aerosols and that internal variability of large-scale atmospheric circulation also plays a role. 2 
{Atlas.5.6.4} 3 
 4 
 5 
Atlas.5.6.1 Key features of the regional climate and findings from previous assessments 6 
 7 
Key features of the regional climate 8 
 9 
The main climatic features that characterize daily to inter-annual variability in the European region are 10 
westerly winds and the accompanying Atlantic storm track with cyclones and anticyclones travelling mainly 11 
from the Atlantic towards inland Europe. The Siberian High in winter determines cold weather in East 12 
Europe and can affect Central and even West and South Europe with cold outbreaks. Intra-seasonal and 13 
inter-annual variations are driven by modes of climate variability such as the North Atlantic Oscillation 14 
(Hurrel et al., 2003), and atmospheric flow patterns characterized as “weather regimes” in winter or summer 15 
seasons (Michelangeli et al., 1995; Cassou et al., 2005). Feedbacks may amplify climate variability, in 16 
particular soil moisture temperature feedbacks in Central Europe in summer (Boé and Terray, 2014) and 17 
feedbacks related to snow cover in winter (Henderson and Leathers, 2009). 18 
 19 
Global warming can lead to systematic changes in regional climate variability via various mechanisms. 20 
Thermodynamic responses such as altered lapse rates (Kröner et al., 2017; Brogli et al., 2019) and land-21 
atmosphere feedbacks (Boé and Terray, 2014) modify temporal and spatial variability of temperature and 22 
precipitation, including altered seasonal and diurnal cycles and return frequencies of extremes. Regional 23 
feedbacks involving the sea surface, land surface, clouds, aerosols, radiation and other processes modulate 24 
the regional response to enhanced warming.  25 
 26 
The climatic regions defined for Europe include (see Figure Atlas.2:):  27 

 [MED] The Mediterranean region in the south characterized by mild winters and hot and dry 28 
summers (Mediterranean climate). The climate is determined by sinking motion on the eastern flank 29 
of the climatological high pressure in the Atlantic region in boreal summer, and by the Atlantic 30 
storm track in boreal winter. 31 

 [CEU] The continental region in central Europe characterized by warm summers and cold winters 32 
with increasing continentality of climate eastwards. 33 

 [NEU] The northern regions, close to the Atlantic Ocean, characterized by high humidity and 34 
relatively mild winters, and strong exposure to the Atlantic storm track.  35 

 [EEU] The western part of Russia and neighbouring territories, with continental characteristics. 36 
 37 
Previous findings from IPCC assessments 38 
 39 
Previous findings from IPCC assessments on observed trends 40 
 41 
The AR5 WGI and SREX assessments reported that it is likely that heatwave frequency has increased since 42 
1950 in large parts of Europe and that there is high confidence that the frequency and intensity of 43 
precipitation have increased. Central and southern Europe, including the Mediterranean region, are 44 
highlighted as the regions with the highest levels of warming for extreme hot days.  45 
 46 
According to the SRCCL report frequency and intensity of droughts have increased due to climate change in 47 
southern Europe and the Mediterranean (medium confidence). A vegetation greening and has been observed 48 
in the last 30 years over all European land due to extended growing season, increased CO2 emissions, 49 
nitrogen deposition and land management (high confidence) but also due to an increase of forest area. There 50 
is high agreement that this forestation cools summertime surface temperature and warms winter temperature 51 
due to decreased snow cover and increased snow shading in forested areas. Warmer and drier climate has 52 
been also the cause of yield decline in part of Southern Europe.  53 
 54 
SROCC reports with high confidence that a reduction in snow cover at low elevation, glacier extent and 55 
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permafrost area is observed, with consequent changes in annual and seasonal runoff patterns. Permafrost 1 
temperature shows an increase in the European Alps. In the Russian European north, a considerable 2 
reduction in permafrost thickness and areal extent has been observed over the 1975–2005 period (medium 3 
confidence).  4 
 5 
Since the 1970s, it is virtually certain that the frequency and intensity of storms in the North Atlantic have 6 
increased, although the reasons for this increase are debated. With high confidence, floods recorded in the 7 
20th century have been larger than those occurring during the past five centuries in northern and central 8 
Europe, and the western Mediterranean region.  9 
 10 
It is very likely that aerosol column amounts have declined over Europe since the mid-1990s.  11 
 12 
Previous findings from IPCC assessments on model performance 13 
 14 
AR5 reports that the ability of models to simulate the climate in Europe has improved in many important 15 
aspects. Particularly relevant for this region are increased model resolution and a better representation of the 16 
land-surface processes in many of the models that participated in CMIP5. The spread in climate model 17 
projections is still substantial, partly due to large amounts of natural variability in this region (particularly 18 
NAO and AMO). Storm track biases in the North Atlantic have improved slightly, but models still produce a 19 
storm track that is too zonal and underestimate cyclone intensity.  20 
 21 
Studies assessed in SR1.5 have clearly identified a possible amplification of temperature extremes by 22 
changes in soil moisture, acting as a mechanism that further magnifies the intensity and frequency of 23 
heatwaves related to summer drying conditions. Other studies indicate that European winter variability may 24 
be related to sea-ice reductions in the Barents-Kara Sea. 25 
 26 
Previous findings from IPCC assessments on future projections 27 
 28 
AR5 reports it is likely that in the next decades the frequency of warm days and warm nights will increase in 29 
most land regions, while the frequency of cold days and cold nights will decrease. Models also project 30 
increases in the duration, intensity and spatial extent of heatwaves and warm spells for the near term. Several 31 
studies project that European high-percentile summer temperatures are projected to warm faster than mean 32 
temperatures.  33 
 34 
SRCCL reports that warming in high latitude is also projected to increase disturbance in boreal forest, like 35 
drought wildfires and pest outbreaks (high confidence). Also the Mediterranean area may be increasingly 36 
affected by wildfire. Global warming and urbanization can increase the heat island effect in cities, 37 
particularly during heat wave events. This will mainly affect night time temperatures (high confidence). 38 
 39 
SROCC reports with very high confidence that snow cover and glaciers are projected to decrease all along 40 
the 21st century. For RCP8.5 in Central Europe and Caucasus the small glaciers are projected to lose more 41 
than 80% of their mass by the end of century. 42 
 43 
AR5 reports that in the winter half year, NEU and CEU are projected to have increased mean precipitation 44 
associated with increased atmospheric moisture, increased moisture convergence and intensification in 45 
extratropical cyclone activity and no change or a moderate reduction in the MED. In the summer half year, 46 
NEU and CEU mean precipitation are projected to have only small changes whereas there is a notable 47 
reduction in MED. These precipitation changes are more pronounced at 2°C than with a 1.5°C global 48 
warming. 49 
 50 
For a 2°C global warming, an increase in runoff is projected for north-eastern Europe while decreases are 51 
projected in the Mediterranean region, where runoff differences between 1.5C and 2C global warmings 52 
will be most prominent. At high latitudes high river flows are expected to be more frequent. Probabilities 53 
associated with increases in drought frequency and magnitude are substantially larger at 2°C than at 1.5°C in 54 
the Mediterranean region (medium confidence).  55 
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 1 
The AR5 WGII European chapter (Chapter 23) reports that there is medium confidence in extreme wind 2 
increase in central and northern Europe, and low confidence of a small decreasing trend in Southern Europe 3 
by the end of the 21st century.  4 
 5 
SROCC reports that a likely decline in AMOC will lead to an increase in winter storms in Europe. 6 
 7 
The AR5 assessed with high confidence a projected increase in extreme sea level events. The frequency of 8 
100-year return period river-discharge events is expected to increase in continental Europe and decrease in 9 
some northern and southern European regions. Snowmelt flood may decrease by the end of the 21st century 10 
and peak floods in northern Europe may increase in autumn and winter due to increased rainfall in these 11 
seasons. A decline in low flow is projected by 2100 for United Kingdom, Turkey, France and rivers fed by 12 
Alpine glaciers.  13 
 14 
 15 
Atlas.5.6.2 Assessment and synthesis of observations, trends and attribution 16 
 17 
An assessment of more recent literature largely confirms the findings of previous IPCC reports but with 18 
additional detail and (for some measures) higher confidence due to improvements in observations and 19 
refinement in methods.  20 
 21 
In Northern Europe continued warming has been observed, particularly during spring. Between 1970-2008 22 
Rutgersson et al. (2015) report an annual mean temperature increase of 0.4°C per decade. In Poland 23 
Degirmendžić et al. (2004) report positive temperature trends in spring over 1951-2000 (3°C in March and 24 
1.5°C in May). In Ukraine annual mean surface air temperature has increased by 0.57°C (0.3 – 0.7°C) per 25 
decade in the period 1961 – 2010, with a particularly strong warming of 1.1 °C per decade for JJA maximum 26 
air temperature in the south-east steppe (Boychenko et al., 2016; Balabukh and Malitskaya, 2017). Loginov 27 
et al. (2018) argued that the summer diurnal temperature range has decreased particularly in cities, but no 28 
significant trend in winter mean air temperatures is shown between 1881 and 2016 in Belarus. In this area 29 
the number of extreme weather events has decreased since 2001 attributed to a decrease in the meridional 30 
south circulation. In Western Europe land-only observations analysed by Dong et al. (2017) indicate a rapid 31 
increase in summer (JJA) mean surface air temperature since the mid-1990s. The change in temperature 32 
during 1996–2011 relative to 1964–1993 ranges from 0.93 to 1.10 °C. Ringard et al. (2019) report a 33 
significant annual mean temperature increase since 1979 of 0.4 °C per decade over Paris, with 0.52 and 0.46 34 
°C per decade in spring and summer, respectively. Also over Spain spring and summer temperatures are 35 
reported to increase faster than in the other seasons (Vicente-Serrano et al., 2017). Gonzalez-Hidalgo et al. 36 
(2016) found the temperature increase to be maximum between 1970 and 1990. 37 
 38 
Trends in mean precipitation are generally small and non-significant. Tímea and Anda (2017) report a 39 
decrease of annual mean precipitation in Hungary of 11% between 1901 and 2004 (mostly in spring). Trend 40 
analysis from 1966 to 2000 based on 3-hourly synoptic observations at 547 stations over Northern Eurasia by 41 
Ye et al. (2017b, 2017a) indicated an increase of the number of convective precipitation days in winter of 4.3 42 
day/decade, while an increase of 0.7 day/decade was seen in summer. While the precipitation fraction falling 43 
as snow decreased, in Ukraine the intensity of heavy snowfall events has increased significantly and shifted 44 
from the north-north-western parts in the past to south-south-eastern regions recently (Balabukh et al., 2018). 45 
These trends were significantly correlated with surface warming and moistening. However, negative trends 46 
in number of non-convective precipitation days were larger, leading to a small net decrease in the number of 47 
wet days in spring, summer and fall. Murphy et al. (2019) re-evaluated the trends identified with the England 48 
Wales Precipitation (EWP) series, and blame the widely reported trend to wetter winters (DJF) and drier 49 
summers (JJA) over north-western Europe by gauge undercatch of snowfall for pre-1870 winters. For 50 
summer, pre-1820 precipitation totals were too high, likely due to decreasing network density and less 51 
certain data at key stations. 52 
 53 
A substantial fraction of temperature extremes in Europe can be attributed to anthropogenic activity 54 
(Coumou and Rahmstorf, 2012; Fischer and Knutti, 2015). However, for precipitation at local to regional 55 
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scales, this attribution is less straightforward (Stott, 2016). During the northwest European dry and warm 1 
spell in the spring and summer of 2018, the temperature extremes could be attributed to global warming 2 
(Leach et al., 2019; Yiou et al., 2019). Land-atmosphere interactions involving soil moisture-atmosphere 3 
feedbacks are shown to be able to amplify temperature and precipitation anomalies in Central Europe, 4 
suggesting that global warming can increase the probability of large scale precipitation deficits (Vogel et al., 5 
2018). Gudmundsson and Seneviratne (2015) show a gradient in trends of (particularly multi-annual) 6 
droughts across Europe, with a decreasing trend in Northern Europe and increasing trends in the South. 7 
However, a formal attribution of European droughts to global warming has not been documented. 8 
 9 
The increasing trend in surface shortwave radiation, documented in AR5 to have occurred since the 1980s 10 
and referred to as a brightening effect, is substantiated over Europe and the Mediterranean region (Nabat et 11 
al., 2014; Sanchez‐Lorenzo et al., 2015). This increasing trend has been attributed to the decrease in 12 
anthropogenic sulphate aerosols over the 1980–2012 period (Nabat et al., 2014). In model sensitivity 13 
experiments, the aerosol trend has been quantified to explain 81 ± 16% of the European surface shortwave 14 
trend and 23 ± 5% of the European surface temperature warming.  15 
 16 
To support climatological analyses and model evaluation, national meteorological and hydrological services 17 
are increasingly making available high spatial and temporal resolution gridded and in situ homogenized and 18 
quality-checked datasets. The inclusion of additional station data lead to a better representation of extreme 19 
precipitation statistics than the global-scale CRU or continental-scale E-OBS datasets. For example, in 20 
Norway a 1km gridded daily precipitation and temperature dataset is available from 1957 to the present 21 
(Lussana et al., 2018). Switzerland, Sweden, France, Germany, Poland, Spain and the Carpathians also boast 22 
gridded observation-based datasets at resolution of 2 to 25 km (Déqué and Somot, 2008; Vidal et al., 2010; 23 
Rauthe et al., 2013; Noël et al., 2015; Spinoni et al., 2015; Herrera et al., 2016; Ruti et al., 2016; Fantini et 24 
al., 2018). Recent gridded products merging radar and station data allow to reach higher spatial and temporal 25 
resolutions (Tabary et al., 2011; Berg et al., 2016; Fumière et al., 2019). Spatial pooling of climate change 26 
signals enhances the statistical robustness of the observed and projected trends (Fischer et al., 2013). 27 
 28 
While the emergence of very high-resolution observation-based gridded datasets does provide additional 29 
information for climate assessments and model evaluation, a number of caveats exists. The gridded European 30 
datasets are unreliable over data-sparse regions. Also, many datasets employ different approaches to 31 
interpolation and gridding, which adds to their uncertainty and complicates comparative evaluations 32 
(Kotlarski et al., 2017; Berthou et al., 2018; Fantini et al., 2018). For example, differences between different 33 
precipitation datasets have been shown to be of the same magnitude as errors in regional climate models 34 
(Prein et al., 2016; Prein and Gobiet, 2017; Fantini et al., 2018). 35 
 36 
 37 
Atlas.5.6.3 Assessment of model performance 38 
 39 
Regional climate models driven by reanalysis have been extensively evaluated regarding a range of climate 40 
features over Europe and the Mediterranean (Casanueva et al., 2016; Vaittinada Ayar et al., 2016; Ivanov et 41 
al., 2017; Krakovska et al., 2017; Terzago et al., 2017; Cavicchia et al., 2018; Drobinski et al., 2018; Fantini 42 
et al., 2018; Harzallah et al., 2018; Panthou et al., 2018b). Standard assessments of RCMs, typically run at 43 
12– 25 km spatial resolution, confirm that the Euro-CORDEX and Med-CORDEX ensembles are capable of 44 
reproducing the salient features of European climate, corresponding to the ENSEMBLES simulations 45 
(Kotlarski et al., 2014; Krakovska, 2018). They have been shown to be able to represent realistically 46 
circulation features such as coastal low-level jet (over Portugal, (Cardoso et al., 2016), medicanes (Gaertner 47 
et al., 2018), Mediterranean cyclones (Flaounas et al., 2018; Sanchez-Gomez and Somot, 2018), cyclonic 48 
activity in high latitudes including Northern Europe (Shkolnik and Efimov, 2013), characteristics of heating 49 
periods (Krakovska et al., 2019) and intensity, direction and inland penetration of the sea breeze (south of 50 
France, (Drobinski et al., 2018).  51 
 52 
RCMs run at 12 km generally show similar area-averaged, seasonal mean features compared to coarser-scale 53 
simulations (with GCMs and lower-resolution RCMs). However, higher-resolution simulations do show 54 
improved performance in reproducing the spatial patterns and seasonal cycle of mean precipitation over all 55 
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European regions (Mayer et al., 2015; Soares and Cardoso, 2018), extreme precipitation (Torma et al., 2015; 1 
Prein et al., 2016; Ruti et al., 2016; Fantini et al., 2018), snow-melt driven runoff in the Alps (Coppola et al., 2 
2018), and mountainous zones (Torma, in press). This is mainly due to the better representation of orography 3 
at high resolution (e.g. Dyrrdal et al., 2018). Precipitation improvements in summer are attributed to better 4 
representation of larger spatial convection structures. Limited added value was noted for heatwaves (Vautard 5 
et al., 2013; Jury et al., 2018) and surface solar radiation (Vautard et al., submitted).  6 
 7 
However, systematic errors persist in RCM simulations, such as cold and wet biases over much of the 8 
continent and warm dry biases in the south in summer (Vautard et al., submitted). Seasonal and regionally 9 
averaged temperature biases generally do not exceed 1.5°C, while precipitation biases can be up to ±40% 10 
(Kotlarski et al., 2014). The warm and dry summer bias over southern and south-eastern Europe is reduced 11 
compared to the previous ENSEMBLES simulations (Katragkou et al., 2015; Giot et al., 2016; Prein and 12 
Gobiet, 2017; Dell’Aquila et al., 2018), but over the Mediterranean, RCMs generally underestimate the 13 
observed long-term temperature trend, mostly in summer, even with respect to the driving reanalysis. They 14 
show rather limited ability to reproduce decadal variability in temperature and precipitation over the Euro-15 
Mediterranean region (Dell’Aquila et al., 2018), which is strongly related to the considerable natural 16 
variability at this time scale (Aalbers et al., 2018). In some cases these biases are mitigated by compensating 17 
errors further complicating the picture within the Euro-CORDEX ensemble (García-Díez et al., 2015; 18 
Katragkou et al., 2015).  19 
 20 
Coupled RCMs for the Baltic, North Sea and Mediterranean Sea have been further explored since AR5. 21 
New, or updated, higher-resolution, coupled atmosphere-ocean-ice model systems have been found to 22 
simulate realistically the observed climate over the Baltic area with some improvement with respect to stand-23 
alone atmosphere model versions in features, like the correlation between precipitation and SST, between 24 
surface heat-flux components and SST, and for weather events like convective snow bands over the Baltic 25 
Sea (e.g. Gröger et al., 2015; Pham et al., 2017; Tian et al., 2013; Van Pham et al., 2014; Wang et al., 2015). 26 
Coupled atmosphere-land-river-ocean Regional Climate System Models (RCSMs) from Med-CORDEX 27 
have similar skill as the ENSEMBLES ensemble and the Euro-CORDEX ensemble to represent decadal 28 
variability of Mediterranean climate and its extremes (Cavicchia et al., 2018; Dell’Aquila et al., 2018; 29 
Gaertner et al., 2018). A number of single model studies over the North Sea and Baltic Sea region (Tian et 30 
al., 2013; Gröger et al., 2015; Wang et al., 2015) have shown that ocean-atmosphere coupling improves the 31 
representation of atmosphere and ocean compared to standalone model versions. Panthou et al. (2018) also 32 
showed that over land differences between atmosphere-only and coupled RCMs are confined to coastal areas 33 
that are directly influenced by SST anomalies. In contrast, Van Pham et al. (2014) showed significant 34 
differences in seasonal mean temperature across a widespread continental domain. Sea wind (Akhtar et al., 35 
2018), the turbulent air-sea fluxes (Sevault et al., 2014; Akhtar et al., 2018), and the seasonal cycle of the 36 
medicane frequency (Gaertner et al., 2018) are shown to be improved in coupled RCSMs.  37 
 38 
Convection-Permitting RCMs (CPRCM, running at a resolution of typically 1 to 3 km) are better able to 39 
capture observed extreme precipitation behaviour than 12-km RCMs (Kendon et al., 2014; Prein et al., 2015; 40 
Lind et al., 2016; Berthou et al., 2018; Fumière et al., 2019; Ban et al., submitted). Precipitation on daily and 41 
shorter time scales shows more coherent results than coarser resolution RCMs (Kendon et al., 2016). Ban et 42 
al. (2014) found Clausius-Clapeyron (CC) scaling between temperature and moderate (90th percentile value) 43 
hourly precipitation events, while super-CC scaling was noted for the extreme (99th percentile and up) tails 44 
of hourly precipitation.  45 
 46 
The role of aerosol forcing is increasingly analysed as new and more realistic aerosol datasets become 47 
available (Nabat et al., 2013; Pavlidis et al., submitted), and as RCMs begin to include interactive aerosols 48 
(Nabat et al., 2012, 2015a; Drugé et al., 2019; Nabat et al., submitted). Explicitly accounting for aerosol 49 
effects in RCMs leads to improved representation of the surface shortwave radiation at various scales: long-50 
term means (Gutiérrez et al., 2018), day-to-day variability (Nabat et al., 2015a), and long-term trends (Nabat 51 
et al., 2014). It is likely that including a realistic representation of aerosol past trends in climate models over 52 
Europe increases positive land- and sea-surface temperature trends, with associated reductions in evaporation 53 
and precipitation, and increases the deep-water formation rate in the Mediterranean Sea (Nabat et al., 2014). 54 
For favourable circulation types, the representation of aerosols affects the simulated heatwave intensity over 55 
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Europe (Nabat et al., 2015b).  1 
 2 
 3 
Atlas.5.6.4 Assessment and synthesis of projections 4 
 5 
[START Figure Atlas.40: HERE] 6 
 7 
Figure Atlas.40: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 8 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 9 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 10 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 11 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 12 
over this period.  13 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 14 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 15 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 16 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 17 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 18 
2018). 19 
(g–j) Regional mean changes in annual mean surface air temperature and precipitation for the four 20 
European regions (NEU, CEU, MED and EEU). The top row shows the median (dots) and 10th–90th 21 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 22 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 23 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 24 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 25 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–26 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 27 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 28 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 29 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-30 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  31 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 32 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 33 

 34 
[END Figure Atlas.40: HERE] 35 
 36 
 37 
Regional climate change simulations from Euro-CORDEX have been assessed for levels of global warming 38 
of 1.5 and 2.0 °C (Schaller et al., 2016; Dosio and Fischer, 2017; Kjellström et al., 2018; Teichmann et al., 39 
2018). The projections indicate enhanced local warming even at relatively low global warming levels, 40 
particularly towards the north in winter. Changes in precipitation include increases in the north and decreases 41 
in the south with a borderline that migrates from a northerly position in summer to a southerly one in winter 42 
(Jacob et al., 2018; Coppola et al., submitteda). Extreme temperature and precipitation exhibit a different 43 
response to global warming than mean values. Precipitation extremes, particularly on daily and shorter time 44 
scales, are projected to increase even for some regions where the mean precipitation is projected to decrease 45 
(Ban et al., 2015; Rajczak and Schär, 2017; Tramblay and Somot, 2018; Coppola et al., submitteda). Large 46 
impacts on water availability, agriculture and forestry are reported in Eastern Europe (Shvidenko et al., 47 
2017). In a surrogate warming experiment representing a 2°C warming, Lenderink et al. (2019) found super-48 
CC scaling in humid areas over and close to the Mediterranean Sea and over western Europe while over the 49 
drier inlands of the Iberian Peninsula scaling was reduced to CC. Also in Eastern Europe regional climate 50 
projections have been analysed (Partasenok et al., 2015; Kattsov et al., 2017b), but their quantitative 51 
estimations of climate change features have low confidence due to the use of relatively small ensembles of 52 
GCMs and/or RCMs, and limited evaluation of model performance in the region. 53 
 54 
High resolution climate projections reveal an enhanced likelihood of tropical cyclones reaching the European 55 
domain (Haarsma et al., 2013; Baatsen et al., 2015; Dekker et al., 2018). The findings have been confirmed 56 
by (Liu et al., 2017b), and is addressed in depth in the HighResMIP experiment (Haarsma et al., 2016b). 57 
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 1 
RCMs and CPRCMs modify some signatures of climate change projected by GCMs. (Kjellström et al., 2 
2018) show that projections of temperature, precipitation and wind in RCMs may deviate from GCM signals 3 
dependent on the dominant atmospheric circulation. In many areas RCMs produce lower warming levels and 4 
higher precipitation (less drying) in both summer and winter (Coppola et al., submitteda). Over specific 5 
geographic features such as high mountains, RCMs modify the climate change signal of extreme 6 
precipitation simulated by the low-resolution GCMs (Giorgi et al., 2016; Torma and Giorgi, submitted). This 7 
is especially true for summer precipitation over the Alps where opposite signs of changes in mean and 8 
extreme precipitation are generated by the CMIP5 GCM ensemble and the 12-km Med-CORDEX and Euro-9 
CORDEX RCM ensemble (Giorgi et al., 2016). Chan et al. (submitted) evaluate the UK CPRCM over a 10 
large European domain, and conclude that the application of their high resolution model changes the 11 
seasonal signature of the change of extreme precipitation, with lower responses in summer and higher 12 
responses in autumn and winter than in earlier RCM experiments. Pichelli et al. (submitted) found with an 13 
ensemble of convection-permitting models at 3km resolution that projections of daily precipitation intensity 14 
and heavy precipitation can have a different sign in some regions, a stronger amplitude of the diurnal cycle 15 
change for mean, intensity, frequency and extreme precipitation, and a larger positive change of high and 16 
extreme precipitation distribution for both daily and hourly resolution. 17 
 18 
Also for mean surface shortwave radiation, surface temperature and precipitation systematic differences 19 
between GCM and RCM outputs are found (Boe et al.; Bartók et al., 2017; Fernández et al., 2018; Sørland et 20 
al., 2018a; Gutierrez et al., submitted). This is especially true for the summer season in which RCM 21 
ensembles warm and dry significantly less than their corresponding driving GCM ensemble. Some authors 22 
claim that RCMs are more realistic because they have smaller bias for the present climate (Sørland et al., 23 
2018a), or better cloud representation (Bartók et al., 2017). Other authors claim that GCMs are more reliable 24 
due to representation of aerosol forcing (Boe et al.; Gutierrez et al., submitted), air-sea coupling (Boe et al., 25 
submitted) or vegetation response to elevated atmospheric CO2 (Schwingshackl et al., 2019) that are all 26 
missing in many RCMs (Boe et al., submitted) (see case study in section Atlas.6.2).  27 
 28 
Figure Atlas.40: shows observed and modelled trends of annual mean temperature and precipitation for a 29 
range of observational data sets, CMIP5 and the CMIP6 subset ensemble in the Interactive Atlas for each of 30 
the four European subregions. To zoom in on a DJF and JJA seasons specifically, Figure Atlas.41: shows 31 
projected changes in seasonal mean temperature and precipitation, derived from the CMIP5 and the CMIP6 32 
subset ensemble. Shown are land-area averaged results from RCP2.6/SSP1, RCP4.5/SSP2 and RCP8.5/SSP5 33 
scenarios for early, mid and late 21st century relative to the 1995-2014 baseline period (see Section Atlas.3 34 
for details on model data selection and processing). Also seasonal mean temperature and precipitation 35 
change normalized by the annual mean global mean surface temperature change (over land and sea) obtained 36 
from the respective CMIP ensemble are shown.  37 
 38 
 39 
[START Figure Atlas.41: HERE] 40 
 41 
Figure Atlas.41: Regional mean changes in seasonal mean temperature and precipitation for DJF and JJA for the 42 

European regions NEU, CEU, EEU and MED for CMIP5 and a subset of CMIP6. Left 2 columns 43 
show absolute temperature and relative precipitation change for 3 emission scenarios and 4 20-year 44 
time slices between 2020 and 2100 relative to 1995-2014; right 2 columns show the change 45 
normalized by the global mean annual mean temperature change. Horizontal and vertical error bars 46 
represent the 10% and 90% percentile value from the mean values calculated across the ensemble of 47 
included models. See text for details. Results are generated with the Interactive Atlas (http://ipcc-48 
atlas.ifca.es, system version 24 January 2020).  49 

 50 
[END Figure Atlas.41: HERE] 51 
 52 
 53 
The results in Figure Atlas.41: show a consistent meridional gradient of changes in precipitation, with a clear 54 
DJF precipitation increase in NEU, CEU and EEU, and reduced precipitation over MED. JJA precipitation is 55 
strongly reduced in MED and CEU, and smaller signals are shown in NEU and EEU. The temperature is 56 
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increasing in all European domains, but warming is strongest in the continental area EEU away from the 1 
Atlantic, in Northern Europe during winter and in MED during summer. In Europe, the increased climate 2 
sensitivity of CMIP6 (Forster et al., 2019) is expressed particularly by the regional temperature response in 3 
JJA for the strong emission scenarios end of century, where CMIP6 warming is exceeding CMIP5 warming 4 
in all areas. DJF temperature response is similar in CMIP5 and CMIP6. JJA precipitation in EEU is clearly 5 
reduced in CMIP6, while little change is shown in CMIP5. 6 
 7 
Local amplification of global warming (regional temperature change normalized by global mean temperature 8 
change) and precipitation change per degree global warming show similar results for CMIP6 and CMIP5 for 9 
both winter and summer. Winter precipitation increases by 5 to 7% per °C global warming in the NEU, CEU 10 
and EEU regions, and is smaller in CMIP6 than CMIP5 in these regions. Also JJA precipitation in the CEU 11 
and EEU regions is reduced in CMIP6 compared to CMIP5. The regional difference between CMIP5 and 12 
CMIP6 found here is subject to the selection of models included in the Interactive Atlas, but is broadly 13 
consisting with findings from for example (Coppola et al., submitteda). 14 
 15 
Darmaraki et al. (2019) used an ensemble of five fully coupled RCSMs and a total of 11 projections to assess 16 
the future evolution of the Mediterranean SST and related marine heatwaves at high resolution. By the end of 17 
the 21st century and under RCP8.5, Mediterranean extreme SSTs (99th daily percentile) are expected to rise 18 
by 3.6°C, significantly more than the annual mean SST increase (3.1°C). Despite different methodologies 19 
and time periods, Med-CORDEX RCSM and CMIP5 GCM results agree well on the Mediterranean SST 20 
warming rate (Mariotti et al., 2015; Darmaraki et al., 2019). Similarly, an ensemble with one coupled 21 
atmosphere-ocean-ice RCSM for the Baltic Sea and the North Sea downscaling five different GCMs show 22 
that both seas undergo warming, strong freshening and, for some simulations, changes in the circulation as 23 
regional warming continues (Gröger et al., 2015). For the same model ensemble, Dietrich et al. (submitted) 24 
found spatially non-uniform changes in air-sea interaction over the North Sea indicating the importance of 25 
simulating the coupled system. 26 
 27 
 28 
Atlas.5.7 North America 29 
 30 
Regional executive summary 31 
 32 
In most North American areas it is very likely that positive trends of warm temperatures are 33 
persistent. The observed trends in annual temperature indicate that across near-Arctic latitudes of North 34 
America surface air temperature increases are exceptionally pronounced (> 0.5C per decade) and relatively 35 
well-defined as seen in the consistency across multiple data analyses (high confidence). {Atlas.5.7.2} 36 
 37 
In most North American areas it is likely that no clear trends in precipitation are present in the period 38 
of 1980 to 2014. Since 1980, it is likely that precipitation has decreased in the south-western U.S. and north-39 
western Mexico. Nearly everywhere else, there is no trend in precipitation. {Atlas.5.7.2} 40 
  41 
Model representation of the climatology of mean and extreme temperature and precipitation has likely 42 
improved compared to AR5 over North America. This is aided by continuous model development, the 43 
existence of new coordinated modelling initiatives such as NA-CORDEX. {Atlas.5.7.3} 44 
 45 
The subset of CMIP6 results available in the Interactive Atlas at the time of the release of the SOD 46 
project more pronounced warming in most North American regions compared to CMIP5 with this 47 
difference clearest in northern regions. {Atlas.5.7.3 Figure Atlas.42:} 48 
 49 
Spanning the range of available climate sensitivities in CMIP ensembles is very likely critical for 50 
producing a representative range of dynamically downscaled projections. {Atlas.5.7.3 Figure 51 
Atlas.44:}. This is the case for both temperature and precipitation.  52 
 53 
It is very likely, based on global and regional model future projections, that on an annual time scale 54 
precipitation will increase over North America north of about 40°N, and it is likely that the direction 55 
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of change of precipitation is uncertain below 40°N. {Atlas.5.7.4} 1 
 2 
There is high confidence, based on results from a large number of regional climate model experiments 3 
of varying spatial resolutions, that extreme precipitation will increase in the future though the 4 
complexity of interpreting results from models with different resolutions prevents quantification of these 5 
increases for specific extreme events. {Atlas.5.7.3, Atlas.5.7.4} 6 
 7 
It is virtually certain that the snow cover will experience a decline over most regions of North America 8 
during the 21st century, in terms of water equivalent, extent and annual duration. It is however very 9 
likely that some high-latitude regions will rather experience an increase in winter snow water equivalent, due 10 
to the snowfall increase impact prevailing over the warming impact. {Atlas.5.7.4} 11 
 12 
 13 
Atlas.5.7.1 Key features of the regional climate and previous findings from IPCC assessments 14 
 15 
Key features of the regional climate 16 
 17 
The recent-past climate of North America is characterized by high spatial heterogeneity and by variability at 18 
diverse temporal scales. Considering the traditional Köppen-Geiger classification, North America covers all 19 
main climate types, i.e., cold (northern USA and most of Canada), arid (western USA and northern Mexico), 20 
temperate (western coast of Canada and USA, south-eastern USA and central Mexico), polar (northern coast 21 
of Alaska and northern Canada) and tropical (extreme south-east of Florida, southern Mexico) (Peel et al., 22 
2007). Important geographical features influence local climates over various distances, like the Rocky 23 
Mountains through cyclogenesis (Grise et al., 2013) and the Great Lakes through lake-effect snowfall 24 
(Wright et al., 2013). The cryosphere is an important component of the climate system in North America, 25 
with fundamental roles for the sea ice cover, the snow cover, the permafrost and the Greenland ice sheet. 26 
Oceans surrounding the continent also influence its climate, with water temperatures strongly influencing 27 
hurricane activity which impacts Caribbean Islands and the coasts of eastern Mexico and south-eastern USA 28 
(Elsner, J.B., Jagger, 2010). Temporal variability is influenced by several large-scale atmospheric modes 29 
with the North Atlantic Oscillation (NAO) affecting north-eastern USA and eastern Canada precipitation 30 
(Whan and Zwiers, 2017), and El Niño–Southern Oscillation (ENSO) impacting California temperature and 31 
precipitation, although in a complex and not yet fully understood manner (Yoon et al., 2015; Yeh et al., 32 
2018).  33 
 34 
Previous findings from IPCC assessments 35 
 36 
The IPCC AR5 (IPCC, 2013b) found that the climate of North America has changed due to anthropogenic 37 
causes (high confidence) and many climate stressors that carry risk – severe heat, heavy precipitation, and 38 
declining snowpack – will increase in frequency and/or severity in the next decades (high confidence). SR1.5 39 
(IPCC, 2018c) found that limiting global warming to 1.5C would limit increases in hazardous heavy 40 
precipitation events (medium confidence).  41 
 42 
 43 
Atlas.5.7.2 Assessment and synthesis of observations, trends, and attribution 44 
 45 
The observed trends in annual mean surface air temperature (Figure Atlas.42:) across near-Arctic latitudes 46 
are exceptionally pronounced (> 0.5C per decade) and relatively well-defined as seen in the consistency 47 
across multiple data analyses. Trends are smaller in magnitude but still quite significant across subtropical 48 
western North America. Temperatures have not increased over southern Alaska, western and south-central 49 
Canada, and the north-central USA over the period 1980-2014 (Figure Atlas.42:). Compared to temperature, 50 
trends in annual precipitation over the past 35 years are generally non-significant, as illustrated by the 51 
widespread hatching across most of North America in Figure Atlas.42:. It is likely that precipitation has 52 
decreased in the south-western U.S. and north-western Mexico (Figure Atlas.42:). 53 
 54 
Several factors account for the differences in temperature and precipitation trend significance. Observed 55 
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trends in precipitation are relatively modest compared to the very large natural interannual variability of 1 
precipitation. Furthermore, the precipitation observing network is spatially inadequate and temporally 2 
inconsistent over some regions of North America, so that detection of multidecadal trends is difficult, 3 
especially for regions with summertime convective precipitation maxima that may be spatially patchy 4 
(Easterling et al., 2017) (Chapter 12).  5 
  6 
These differences in observed climate change between temperature and precipitation affect the nature of 7 
hazards associated with these variables. Although Figure Atlas.42: emphasizes continental temperature 8 
change, the upward trend in temperature is also observed over near-coastal oceans resulting in transient heat 9 
waves (very high confidence; Chapter 9, WG II Chapter 14). Increasing temperature is also associated with 10 
sea-level rise and associated flooding hazards which have seen significant increases during the past several 11 
decades (Chapters 9 and 12).  12 
  13 
Temperature-related hazards are particularly extreme in high latitudes: sea ice and permafrost are melting 14 
rapidly, presenting coastal hazards associated with increasing storminess and diminished coastal protection 15 
by ice. In forested regions of North America, probability of wildfire is increasing due to warmer temperature 16 
and increased dryness of vegetation (Abatzoglou and Williams, 2016). Increased temperature is associated 17 
with increasing severity of episodic, naturally occurring drought, increasing risks to water supplies and 18 
ecosystem health, and exacerbating wildfire risk (Chapter 11).  19 
 20 
Snowfall and snow cover concern a large portion of North America (Estilow et al., 2015) and have high 21 
societal and environmental impacts (Fyfe et al., 2017). Snow interacts in a complex way with temperature 22 
and total precipitation, and with other variables like cloud cover and humidity as well (Mioduszewski et al., 23 
2014a). Snow-related reference datasets are ultimately based on in situ and/or satellite measurements (Larue 24 
et al., 2017; Brown et al., 2018), which include large uncertainties due to a certain number of technical 25 
challenges (Mudryk et al., 2015; Wang et al., 2017), and these may in turn impact long-term trends found in 26 
snow datasets (Kunkel et al., 2007). 27 
 28 
Observations suggest a rather complex evolution of the snow cover over the continent during recent decades. 29 
For example, large spatial heterogeneity was found in the trend sign and amplitude of snow water equivalent 30 
(SWE) in situ local records over Canada during the 1967–2016 period (Brown et al., 2019). Only a few of 31 
these investigated records show statistically significant trends, but in these cases the trend tends to be 32 
negative. Findings in Brown et al. (2019) are similar for snow depth but opposite for snow density (the low 33 
number of statistically significant trends tend to be positive). Trends in average snow depth, snow cover 34 
extent, and snow onset and retreat dates also show heterogeneous spatial patterns over the U.S. (Knowles, 35 
2015). 36 
 37 
Some characteristics of the snow cover show same-sign trends over large parts of the continent. For example, 38 
Kunkel et al. (2016) found a general decrease in the annual maximum of SWE between 1961 and 2015, but 39 
again with trends generally not statistically significant (see Figure Atlas.43:). Vincent et al. (2015) also 40 
report a general decrease in annual maximum SWE for snow monitoring stations across Canada between 41 
1950 and 2012, as well as earlier dates for the occurrence of the snow-depth peak, and shorter snow season 42 
duration. For the period of 1981 to 2015, Bush and Lemmen (2019) reported regional declines in snow cover 43 
fraction over Canada in all seasons but most widespread from October to December. Analogously, Knowles 44 
(2015) found decreases in snow season duration at the contiguous U.S. stations between 1950 and 2010 45 
(using two complementary duration metrics). Mote et al. (2018) report marked declines in April 1st SWE at 46 
most monitoring sites of the western US mountains between 1955 and 2016.  47 
 48 
Attribution of causes to snow-related changes is often a complex task, as there are regional particularities in 49 
climate change (Mioduszewski et al., 2014b). For example, at high latitudes, warming-induced melting may 50 
be offset by precipitation increases (Rupp et al., 2013). Some event-based attribution studies indicate these 51 
complex relationships. For example, an attribution study for the record low SWE values of winter 2014–15 52 
in the western U.S. concluded that circumstantial Pacific sea surface temperature patterns were about twice 53 
as important as anthropogenic warming in Oregon and Washington, with relatively smaller roles for both 54 
causes in California (Mote et al., 2016). Teufel et al. (2019) used a 5-member CRCM5 ensemble to 55 
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investigate the role of climatic drivers in the April-May 2017 floods along the Ottawa River basin, and found 1 
that event-related precipitation accumulation is 2–3 times more likely to occur in the present compared to 2 
pre-industrial climate conditions due to increased atmospheric moisture in warmer air, whereas event-related 3 
snowpack mass is half as likely to occur due to warmer temperature, resulting in no substantial change in the 4 
risk of spring flood. Other drivers (e.g., land use changes) were not explicitly considered in this study. 5 
 6 
Elements of the cryosphere other than the snow cover also experienced recent changes, especially in the 7 
Arctic part of the continent (AMAP, 2017) which is covered in Section Atlas.5.9.2. 8 
 9 
 10 
[START Figure Atlas.42: HERE] 11 
 12 
Figure Atlas.42: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 13 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 14 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 15 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 16 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 17 
over this period.  18 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 19 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 20 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 21 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 22 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 23 
2018). 24 
(g–k) Regional mean changes in annual mean surface air temperature and precipitation for the five 25 
North American regions (NWN, NEC, WNA, CNA and ENA). The top row shows the median (dots) 26 
and 10th–90th percentile range across each model ensemble for annual mean temperature changes, for 27 
two datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The 28 
first four bars represent the additional warming projected relative to the historical baseline 1995–2014 29 
period to reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six 30 
projected changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 31 
2081–2100) compared to this same historical baseline period. The bottom row shows scatter diagrams 32 
of temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 33 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 34 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-35 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  36 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 37 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 38 

 39 
[END Figure Atlas.42: HERE] 40 
 41 
 42 
[START Figure Atlas.43: HERE] 43 
 44 
Figure Atlas.43: Grid box trends (mm yr-1) in annual maximum snow depth for cold season periods of 1960/1961 to 45 

2014/2015. (top) Numbers indicate number of stations available in that grid box. (bottom) Boxes with 46 
‘x’ indicate statistically significant trends at the p < 0.05 level of significance (Vose et al., 2017). 47 

 48 
[END Figure Atlas.43: HERE] 49 
 50 
 51 
Atlas.5.7.3 Assessment of model performance 52 
 53 
The North American region has been extensively used as a testbed for regional climate model experiments, 54 
such as the North American Regional Climate Change Assessment Program (NARCCAP) (Mearns et al., 55 
2009) and the MultiRCM Ensemble Downscaling (MRED) (Yoon et al., 2012). Therefore, a wide range of 56 
performance evaluation was conducted with a focus on specific climate features in North America. For 57 
example, multi-model performance evaluation was done for North American monsoon region (Cerezo-Mota 58 
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et al., 2015; Tripathi and Dominguez, 2013; Bukovsky et al., 2013) or a single member performance (Lucas-1 
Picher et al., 2013; Martynov et al., 2013; Šeparović et al., 2013). These studies have demonstrated the added 2 
value of regional climate models, particularly newly available runs in CORDEX through improved 3 
summertime precipitation associated with the North American Monsoon (Tripathi and Dominguez, 2013; 4 
Cerezo-Mota et al., 2015) as well as relative agreement between observations and the simulated 5 
climatological wintertime storm tracks across the western United States. In comparison to previous sets of 6 
RCMs in the NARCCAP, those in NA-CORDEX have better performance in simulating annual and semi-7 
annual modes of precipitation variability in the North American Monsoon region and within the 8 
intermountain west (Meyer et al., submitted).  9 
 10 
Prein et al. (2019) investigated the ability of RCMs to capture large-scale weather types by examining NA-11 
CORDEX and the WRF large perturbed-physics ensemble (WRF36). Twelve different hydrologically 12 
relevant weather types were investigated. NA-CORDEX simulations were found to be more successful at 13 
reproducing the weather types compared to the WRF36 ensemble, though it should be noted that there were a 14 
number of differences in the suite of experiments that could account for this (e.g., size of domain).  15 
 16 
However, a few deficiencies were reported. For example, excessive storm occurrence was found (Poan et al., 17 
2018), and amplitude in the simulated annual cycle was generally excessive in both the lower and higher 18 
resolution NA-CORDEX simulations. Summertime precipitation continued to show dry bias except for over 19 
the Colorado Rockies) by low-resolution RCMs. An over-active monsoon was simulated by high-resolution 20 
RCMs, presumably due to explicitly simulated mesoscale processes and thermodynamics driving the 21 
convective precipitation. Additionally, a common trait of NA-CORDEX RCMs that outperformed the 22 
ensemble average was the use of spectral nudging. Regional climate models also have been used to evaluate 23 
extreme rainfall and temperature. In general, the annual cycle and spatial patterns of extreme temperature are 24 
generally better than those of extreme precipitation (Whan and Zwiers, 2016; Meyer et al., submitted 25 
submitted). 26 
 27 
Recently, convective-permitting RCMs were used to simulate North American climate features and 28 
generated better simulations. For example, summer precipitation over the south-western United States was 29 
improved due to better representation of organized mesoscale convective systems at subdaily scale (Castro et 30 
al., 2012; Liu et al., 2017a; Prein et al., 2017b; Pal et al., 2019) and the diurnal cycle convection (Nesbitt et 31 
al., 2008). It has been suggested that the convective-permitting regional downscaling could perform better in 32 
terms of mean and extremes for the north-eastern United States (Komurcu Bayraktar et al., 2018). 33 
 34 
The lack of long-term high-quality high-resolution gridded datasets limits the assessment of model 35 
performance for snow-related variables, especially at regional and local scales (Mccrary et al., 2017; Xu et 36 
al., 2019b). Nevertheless, a few studies have focused on model bias estimation over specific regions, and 37 
studies on future projections often include recent-past bias estimates. Model biases potentially have various 38 
sources, like temperature biases, poor temperature-precipitation co-variability, and model 39 
structural/parameter limitations in aspects relevant for snow dynamics (Rhoades et al., 2018). 40 
 41 
For the NARCCAP regional simulations ensemble, McCrary and Mearns (2019) found that biases in snow-42 
related variables are more sensitive to the RCM choice than to the driving GCM choice. Biases in winter 43 
SWE are mostly positive, except for two models (WRFG and MM5I). Biases are markedly strong over the 44 
western mountain chains, and the snow cover generally extends farther in the south than it does in 45 
observational datasets. Continental-average snow cover extent and SWE values exceed observational 46 
uncertainty in several simulations, for all cold months. NARCCAP snow cover duration biases show 47 
different signs from one model to another, but a recurrent feature is a large positive bias over the western 48 
US. Biases in snow cover duration occur at both ends of the cold season. 49 
 50 
Biases in four NA-CORDEX models (RegCM4, CRCM5, CanRCM4 and WRF) over the California Sierra 51 
Nevada were investigated by Xu et al. (2019), who found that all models overestimate snow ablation, and 52 
that each of these RCMs has distinct biases regarding snow accumulation processes, compared to the 53 
Landsat-Era Sierra Nevada Snow Reanalysis (SNSR) dataset. This study also suggests that increasing spatial 54 
resolution (from 0.44° to 0.11° with CRCM5) leads to a substantial improvement in SWE, due to 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-90 Total pages: 251 

improvement in mean precipitation and topography-related temperature. However, other snow-related 1 
aspects are not improved with higher resolution. Rhoades et al. (2018) emphasize that relatively good model 2 
skill for winter SWE averages in simulations may hide compensating errors in more subtle SWE metrics. For 3 
example, melt rate biases are prevalent throughout most simulations of NA-CORDEX RCMs (HIRHAM5, 4 
RCA4, RegCM4, CRCM5, CanRCM4 and WRF) over the Sierra Nevada, and all GCM-driven RCM 5 
simulations have a shorter total snow season length (on average, 44 fewer days) when compared with SNSR. 6 
 7 
Rain-on-snow characteristics from the CRCM5 and CanRCM4 models have been assessed by Jeong and 8 
Sushama (2018). When driven by ERA-Interim, the two RCM simulations capture reasonably well the 9 
spatial distributions of the observed rain-on-snow days; however, they tend to overestimate the observed 10 
frequency, particularly over the central parts of North America. This study also shows the ability of both 11 
models in reproducing rain-on-snow-related hydro-meteorological features leading to spring flood events, for 12 
the St. John River basin in April 2008 and for the Red River basin in March 2009 (Canadian basins). 13 
 14 
An evaluation of the NA-CORDEX models has been carried out using the data included in the Interactive 15 
Atlas portal (Section Atlas.7). A detailed description of the reference data, metrics and models being 16 
evaluated is given in Section Atlas.3. 17 
 18 
 19 
Atlas.5.7.4 Assessment and synthesis of projections 20 
 21 
CMIP5 and CMIP6 22 
 23 
Projected temperature and precipitation changes during the 21st century are summarised in Figure Atlas.42: 24 
for two different RCPs and SSPs: RCP2.6 and SSP1-2.6 for the lower scenario and RCP8.5 and SSP5-8.5 for 25 
the higher scenarios using 30 CMIP5 models for the RCPs and 15 and 17 CMIP6 models for SSP1-2.6 and 26 
SSP5-8.5 respectively. The number of model results used to generate these figures differs, and this sample 27 
size difference may affect the results but the patterns of change are generally consistent and there is a 28 
tendency for higher projected temperature change in the CMIP6 ensemble in the northern regions. Table 29 
Atlas.7: summarizes annual temperature and precipitation projections for the end of the century for these 30 
scenarios over the far north and south of North America (taken from figures generated by the Interactive 31 
Atlas).  32 
 33 
 34 
[START Table Atlas.7: HERE] 35 
 36 
Table Atlas.7: Temperature and precipitation changes at the end of the 21st Century for the far northern and southern 37 

parts of North America for the two RCPs indicated under CMIP5 and CMIP6. UC represents lack of 38 
model agreement.  39 

  CMIP5  CMIP6  

  RCP2.6 RCP8.5 SSP1-2.6 SSP5-8.5 

Temperature North 2.5C >8.0C 3.5C >8.0C 

South 1.0C 4.0C 1.5C 3.5C 

Precipitation North 10-15% 45-50% 15-20% 45-50% 

South UC UC UC UC 

 40 
[END Table Atlas.7: HERE] 41 
 42 
 43 
For CMIP5, RCP2.6, annual temperature changes by the end of century progress from 2.5C in far northern 44 
Canada and Alaska down to 1C in the southern US and northern Mexico. For RCP8.5 temperature changes 45 
exceed 8C in the far northern part of Canada and diminish to about 4C in the southern US and northern 46 
Mexico.  47 
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 CMIP5 results have been analysed extensively and used in major climate change assessments.  1 
The most recent US National Climate Assessment (USGCRP, 2017) used CMIP5 results to project 2 
anticipated climate changes over the US (USGCRP, 2017) and adjacent areas, focusing on RCP4.5 and 3 
RCP8.5 for two future time periods. Canada’s Changing Climate Report (Bush and Lemmen, 2019) present 4 
changes in temperature and precipitation, as well as other variables such as snow for future periods in 5 
Canada using results from CMIP5.  6 
 7 
Regarding precipitation, in the far northern part of the domain increases of 10–15% are projected under 8 
RCP2.6 concentrations, but to the south, in the western southern prairies and in most of Mexico, smaller 9 
increases (low confidence) and some decreases (also low confidence) are projected. For RCP8.5, only in the 10 
far northern parts of Canada and Alaska are substantial increases (40–50%) projected, and to the south there 11 
is considerable uncertainty regarding the direction and amount of change, but there is a tendency for 12 
decreases though with little model agreement.  13 
 14 
In the case of SSP1-2.6, results for CMIP6 contrast somewhat with those from CMIP5 (Table Atlas.7:). For 15 
temperature change at the end of the century larger values are obtained. Temperatures increases by about a 16 
degree more than in the CMIP5 ensemble. Projected temperature change ranges from 3.5C in the far north 17 
to 1.5C in the southern US and northern Mexico. Based on 17 results from the CMIP6 models for RCP8.5 18 
by mid-century, on an annual time scale (Figure Atlas.42:), projected changes greater than 6C (8C by end 19 
of century) are seen in the northern part of the North American domain, through mid-Alaska and northern 20 
Canada, bending down in an arc over Hudson Bay and then arcing back further north. This sinusoidal pattern 21 
of temperature change continues throughout the continent down to 3-4C further south (5C by end of 22 
century), but with somewhat larger warming over the US Rocky Mountains. Lowest values are seen in the 23 
Florida panhandle (about 2.5C or 4.5C end of century) and on the west coast in the US and the Yucatan in 24 
Mexico. 25 
  26 
Regarding precipitation for RCP2.6, CMIP6, increases of up to 20% are projected in the far north, decreasing 27 
to 15% increase in Alaska and central Canada. For RCP8.5 in northern Canada increases of over 40% are 28 
projected, with this amount reducing toward the south to about 10% increase along the US west coast. 29 
Increases of 5–10% are seen in the northern part of the US, but below about 40°N decreases are seen 30 
although these are uncertain. For the most part, projected changes in Mexico are highly uncertain for most of 31 
the country, except for the mid-west coast area where decreases of 10–15% are projected. The overarching 32 
patterns of change in the two ensembles are very similar as are the ranges of temperature and precipitation 33 
change on an annual basis, except for annual temperature change for RCP2.6, which is somewhat larger in 34 
the case of CMIP6.  35 
 36 
NA-CORDEX and other regional model projections  37 
 38 
The full NA-CORDEX matrix includes considerable spread across multiple GCMs that sample the full range 39 
of climate sensitivity, with multiple RCMs, at two different spatial resolutions (25 and 50 km) and 40 
considering different RCPs (in most cases RCP4.5 and RCP8.5). The GCM-driven simulations available in 41 
the NA-CORDEX archive (Mearns et al., 2017) are discussed, focusing on simulations that used RCP8.5 for 42 
future projections (Bukovsky and Mearns, submitted).  43 
  44 
The current period (1970–1999) is compared to the future at the end of the 21st century (2070–2099). 45 
Bukovsky and Mearns (submitted) focus on the differences in the climate changes in relation to the TCR 46 
(Transient Climate Response) of the driving models. Karmalkar (2018) noted that the NA-CORDEX model 47 
set does a better job of covering subregional ranges of temperature change from the CMIP5 GCMs than 48 
NARCCAP did for the CMIP3 models. Two RCMs driven by the same three GCMs with TCRs that span the 49 
range of the CMIP5 models are highlighted here (Figure Atlas.44:). Domain-wide changes in temperature 50 
follow the TCR of the global models (low – GFDL, medium – MPI-LR, high – HadGEM2), and this 51 
association continues down to the grid-point level. Moreover, there is a tendency for WRF to produce higher 52 
domain-wide changes than RegCM, suggesting that at least in some cases there is evidence for different 53 
RCMs having something akin to a TCR (Figure Atlas.44:) (Bukovsky and Mearns, submitted). The pattern 54 
of warming is as seen in CMIP5 and CMIP6. Greater detail in the RCM responses compared to their driving 55 
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GCMs is seen (Figure Atlas.44:) such as over the Rocky Mountains in the US West.  1 
 2 
Regarding precipitation, there is also a tendency for the RCMs, domain wide, to follow the TCRs of the 3 
driving models, but this tendency is limited to the domain-wide scale on the annual time scale and in winter. 4 
The typical increases of precipitation are seen in the far north, and down into lower Canada, and most of the 5 
northern US. But there are mixed decreases and increases in the western part of the US, and the west coast 6 
when the RCMs are driven by MPI-LR and HadGEM2. Both WRF and RegCM4 follow the pattern of the 7 
MPI-LR GCM in most of the domain. Large parts of Mexico (Figure Atlas.44:) exhibit decreases when 8 
RegCM is driven by all the GCMs and for WRF when driven by MPI-LR. However, there are also 9 
simulations (Mearns et al., 2017; Rendfrey et al., 2018) where there are large increases in the west, 10 
particularly in those RCMs driven by CanESM2.  These analyses demonstrate that spanning the range of 11 
available climate sensitivities in the CMIP5 group is critical for producing a representative range of 12 
dynamically downscaled projections.  13 
 14 
 15 
[START Figure Atlas.44: HERE] 16 
 17 
Figure Atlas.44: Changes in the annual mean surface air temperature (top) and precipitation (bottom) by three GCMs 18 

(GFDL ESM2M, MPI ESM-LR, HadGEM2-ES) and two RCMs (WRF and RegCM4) nested in the 19 
GCMs.  20 

 21 
[END Figure Atlas.44: HERE] 22 
 23 
 24 
Prein et al. (2019) investigated two sets of RCMs regarding weather types and found that under future 25 
conditions the NA-CORDEX simulations showed substantial changes in certain weather types, e.g., related 26 
to increased monsoonal flow frequency and drying of the northern Great Plains in summer.  27 
 28 
In addition to NA-CORDEX, other researchers (Wang and Kotamarthi, 2015; Ashfaq et al., 2016) have 29 
produced higher-resolution simulations over large parts of North America. Wang and Kotamarthi (2015) 30 
used the WRF RCM at 12 km resolution nested in the CCSM4 over a domain covering much of North 31 
America for both RCP4.5 and RCP8.5 for mid and late 21st century in addition to a current period. Annual 32 
changes in precipitation include decreasing intensity over the southwest, increasing intensity over the eastern 33 
US and much of Canada and an increase in days with heavy precipitation in most areas. This pattern is 34 
similar to the changes seen in CCSM4 (their Figure 9), as well as the changes seen in the NA-CORDEX 35 
model simulations, which are driven by different GCMs. Ashfaq et al. (2016) analysed results of RegCM4 at 36 
18 km nested in 11 different global models for current and a near-term future period (2010–2050). Both 37 
winter (snow) and summer (liquid) extremes are projected to increase across the US. The ensemble mean 38 
pattern of precipitation change resembles what is found in NA-CORDEX and the Wang and Kotamarthi 39 
simulations, but the changes are less intense at least partially because of the earlier time period examined. 40 
They also note, however, that many areas show decreases or increases depending on the driving GCM.  41 
 42 
A collection of research articles has considered changes in precipitation extremes in NA-CORDEX, 43 
particularly through analysis of changes in Intensity-Duration-Frequency (IDF) curves, calculations 44 
frequently used in hydrologic engineering. Higher-resolution modelling is used to analyse changes in IDFs 45 
since better reproduction of extremes tends to occur at higher spatial resolutions. DeGaetano and Castellano 46 
(2017) used a small set of NA-CORDEX simulations to determine future changes in extreme precipitation in 47 
New York State, along with several other downscaling techniques. The dynamically downscaled simulations 48 
yielded much larger changes (35%) in 100-year extremes compared to those calculated through an analogue 49 
statistical approach (15%). These results have important implications for choice of downscaling method 50 
when extreme precipitation is an important consideration (see Chapter 10). Cook et al. (submitted) 51 
investigated in 34 cities how choice of spatial resolution of the RCM ensemble affects future IDF curves. 52 
The resolution effect was complex in that it depended partially on what duration event was considered. The 53 
higher-resolution model results produced larger changes for the 24-hour duration event, but not necessarily 54 
for the 1-hour duration event. This indicates greater complexity in potential changes in IDFs based on the 55 
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nature of the event under investigation than earlier thought. Other papers (e.g., Ganguli and Coulibaly, 2019; 1 
Requena et al., 2019; Schardong and Simonovic, 2019) focused particularly on Canada. For example, 2 
Requena et al. (2019) used NA-CORDEX for the entire Canadian domain for 24-hour duration events (and 3 
multiple return periods), and in general found substantial increases in the frequency and intensity of events. 4 
These results taken together reaffirm earlier analyses that precipitation extremes are very likely to increase in 5 
the future, but they also enrich the discussion indicating that there may be important differences in these 6 
extremes based on which extreme event is analysed and the spatial resolution of the modelling.  7 
 8 
As discussed in Atlas.5.7.3 an important advance in regional modelling over the past decade or so is the use 9 
of convection-permitting regional models (CPMs) (Prein et al., 2015, 2017b). There have been a number of 10 
experiments using CPMs over North America (e.g., Rasmussen et al., 2014; Prein et al., 2015, 2019; Liu et 11 
al., 2017a; Komurcu Bayraktar et al., 2018). Prein et al. (2017a) used a CPM over North America to 12 
investigate changes in Mesoscale Convective Systems by the end of the century and found that their 13 
frequency more than triples by the end of the century, assuming an RCP8.5 scenario, with up to an 80% 14 
increase in associated total precipitation volume. Komurcu Bayraktar et al. (2018) used multiple nesting of 15 
WRF over the north-eastern US to downscale the CESM to 3 km and investigated the downscaling effect on 16 
a future scenario (RCP8.5) and found a different pattern of precipitation change in the CESM (increases 17 
every month) and in WRF (mixed increases and decreases). It is clear from these investigations that very 18 
high-resolution simulations add important dimensions to our understanding of regional climate change, 19 
although they do not necessarily lead to reduced uncertainty.  20 
 21 
The development of ensembles of initial conditions of global models affords the opportunity to investigate 22 
the effects of such ensembles in a regional modelling context particularly regarding extremes and natural 23 
variability (Fan et al., 2014; Leduc et al., 2019). Leduc et al. (2019) produced a 50-member ensemble with 24 
the Canadian Regional Model (CRCM5) at 12 km resolution driven by the CanESM2 50-member initial 25 
conditions ensemble over Europe and north-eastern North America for the 1950–2099 period, following the 26 
RCP8.5 scenario. More robust results were obtained using the multiple ensemble members for investigating 27 
changes in variability and extremes. Moreover, CRCM5 allowed for a much more realistic representation of 28 
regional features regarding extreme precipitation 29 
 30 
On snow-related variables  31 
 32 
The snow cover over North America is projected to decline during the 21st century based on CMIP5 (e.g., 33 
Brutel-Vuilmet et al., 2013; Maloney et al., 2014a) as well as NARCCAP (e.g., McCrary and Mearns, 2019) 34 
simulations. However, at sub-continental scales, projections for specific snow-related indices are often 35 
highly uncertain in both amount and sign, because drivers of change like temperature and precipitation may 36 
have opposing effects and will evolve with spatial and temporal heterogeneity. In terms of mean winter 37 
SWE, a decline could occur over most regions except at higher latitudes consistent with projected changes in 38 
snowfall (Krasting et al., 2013). 39 
 40 
A recent study using the NARCCAP ensemble (McCrary and Mearns, 2019) reports that continental-41 
averaged SWE and snow cover extent are both projected to decrease from the recent past (1971–1999) to 42 
mid-century (2041–2069), for all months of the year, in all of the models. Regional exceptions occur, with 43 
for example winter (January to March) SWE projected to increase at high latitudes. This increase is also 44 
found in CMIP3 and CMIP5 ensembles, although over slightly different areas in these ensembles. Snow 45 
cover duration is expected to decrease practically everywhere, with later first snow date (in autumn) and 46 
earlier last snow date (in spring). In terms of snow cover fraction, Mudryk et al. (2018) found a mixed 47 
picture of decreasing and weak trends during the 2020–2050 period across seasons and regions over Canada, 48 
using a CMIP5 ensemble. Fyfe et al. (2017) demonstrated using the CanESM large ensemble and the 49 
CanRCM4 that changes in SWE in the near term (to 2038) could reach 60% decrease in the western US and 50 
that natural variability greatly mediates potential future changes in SWE.  51 
 52 
The fraction of precipitation falling as snow could decrease practically everywhere over North America, 53 
including in the Great Lakes basin where lake-effect precipitation is important (Suriano and Leathers, 2016). 54 
In this basin, the frequency of heavy lake-effect snowstorms is expected to decrease during the 21st century, 55 
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except for a possible temporary increase around Lake Superior by the mid-century, if local air temperatures 1 
remain low enough (Notaro et al., 2015). CMIP5 simulations of the periods 1981–2000 and 2081–2100 over 2 
Central and Eastern US suggest a northward shift in the transition zone between rain-dominated and snow-3 
dominated areas, by about 2° latitude under the RCP4.5) scenario and 4° latitude under the RCP8.5 scenario 4 
(Ning and Bradley, 2015). 5 
 6 
Rain-on-snow events should also evolve during the 21st century. Analysing projected changes from the 7 
recent past (1976–2005) to mid-century (2041–2070) in simulations from regional models CRCM5 and 8 
CanRCM4, Jeong and Sushama (2018) found increases in rain-on-snow frequency, amount and runoff north 9 
of the future freezing line (including the US Rocky Mountains and most parts of Canada during the coldest 10 
months), due to enhanced winter rainfall. South of the future freezing line, decreases are found in these rain-11 
on-snow indices, due to reduced autumn and spring snow cover. 12 
 13 
 14 
Atlas.5.8 Small islands 15 
 16 
Regional executive summary 17 
 18 
It is very likely that the tropical Western Pacific has warmed by 0.15-0.18°C decade-1 over the period 19 
1953 to 2011 whilst daily maximum and minimum temperatures have increased by 0.19°C and 0.28°C 20 
decade-1 respectively during 1961 to 2010. There are few significant trends in precipitation in these regions 21 
though some locations in the Caribbean have detectable decreasing trends, in part attributable to 22 
anthropogenic forcings (medium confidence). {Atlas.5.8.2} 23 
 24 
Small islands regions Western and equatorial Pacific, and Southern Ocean small island regions are 25 
projected to be wetter in the future but drier over parts of the Caribbean, central and eastern Pacific, 26 
Atlantic Ocean, and Indian Ocean (medium confidence). {Atlas.5.8.3} 27 
 28 
 29 
Atlas.5.8.1 Key features of the regional climate and previous findings from IPCC assessments 30 
 31 
Key features of the regional climate 32 
 33 
Many small islands lie in tropical regions and their climate varies depending on a range of factors with  34 
location, extent and topography having major influences. In general their climate is determined by that of the 35 
broader region in which they lie as they have little influence on the regional climate though steep topography 36 
can induce locally higher rainfall totals. Temperature variability tends to be low due to the influence of the 37 
surrounding oceans, most marked in the tropics where oceanic temperature ranges are small. However, 38 
seasonal rainfall variability can often be significant, both through the annual cycle and also interannually. 39 
Many small islands are exposed to tropical cyclones and the associated hazards of high winds, storm surges 40 
and extreme rainfall and many low lying islands are exposed to regular flooding from natural high tide and 41 
wave activity. In the Pacific phases of the El Niño Southern Oscillation result in periods of warmer or cooler 42 
than average temperatures following the upper ocean warming of El Niño events or cooling of La Niña 43 
events and respectively weaker and stronger trade winds. El Niño conditions also lead to drought in 44 
Melanesian islands and increased typhoons and storm surges in French Polynesia with La Niña conditions 45 
causing drought in Kiribati. Other islands experience increased rainfall during these periods. 46 
 47 
Previous findings from IPCC assessments 48 
 49 
The following summary is derived from the SROCC special report (IPCC, 2019b). Ocean warming rates 50 
have likely increased in recent decades with marine heatwaves increasing which are very likely to have 51 
become longer-lasting, more intense and extensive as a result of anthropogenic warming. Open ocean 52 
oxygen levels have very likely decreased and oxygen minimum zones have likely increased in extent. There 53 
is very high confidence that global mean sea level rise has accelerated in recent decades which combined 54 
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with increases in tropical cyclone winds and rainfall, and increases in extreme waves has exacerbated 1 
extreme sea level events and coastal hazards (high confidence). It is virtually certain that during the 21st 2 
century, the ocean will transition to unprecedented conditions with further warming virtually certain, 3 
increased upper ocean stratification very likely, further acidification virtually certain and continued oxygen 4 
decline (medium confidence). There is very high confidence that marine heatwaves and medium confidence 5 
that extreme El Niño and La Niña events will become more frequent. It is very likely that these changes will 6 
be reduced under scenarios with low greenhouse gas emissions. Similarly, global mean sea level will 7 
continue to rise and there is high confidence that the consequent increases in extreme levels will result in 8 
local sea levels in most locations that historically occurred once per century occurring at least annually by 9 
the end of the century under all RCP scenarios (high confidence). In particular, many small islands 10 
(including SIDS) are projected to experience historical centennial events at least annually by 2050 under 11 
RCP2.6, RCP4.5 and RCP8.5 emissions. The proportion of Category 4 and 5 tropical cyclones and 12 
associated precipitation rates along with average tropical cyclone intensity are projected to increase with a 13 
2°C global temperature rise. 14 
This will exacerbate coastal hazards from increased intensity and magnitude of storm surge and precipitation 15 
rates of tropical cyclones. 16 
 17 
 18 
Atlas.5.8.2 Assessment and synthesis of observations, trends and attribution 19 
 20 
Significant positive trends in temperature ranging from 0.15°C decade-1 (over the period 1953–2010) to 21 
0.18°C decade-1 (over the period 1961–2011) are noted in the tropical Western Pacific, where the significant 22 
increasing trends in the warm and cool extremes are also spatially homogeneous (Jones et al., 2013; Whan et 23 
al., 2014; Wang et al., 2016). Similarly, much of the Caribbean region showed statistically significant 24 
warming (at the 95% level) over the 1901–2010 period (Jones et al., 2016b). Observation records in the 25 
Caribbean region indicate a significant warming trend of 0.19°C decade-1 and 0.28°C decade-1 in daily 26 
maximum and minimum temperatures, respectively, with statistically significant increases (at the 5% level) 27 
in warm days and warm nights during 1961–2010 (Taylor et al., 2012; Stephenson et al., 2014; Beharry et 28 
al., 2015). 29 
 30 
Observation datasets have revealed no significant long-term trends in Caribbean rainfall over 1901–2012, 31 
when analysed seasonally and for data grouped into large subregions of the Caribbean, with inter-decadal 32 
variability shown in wetter and drier conditions (Jones et al., 2016b). In contrast, a gridpoint based annual 33 
precipitation trend analysis for gridpoints with available data over 1901–2010 in the Caribbean region does 34 
indicate some gridboxes with detectable decreasing trends (Knutson and Zeng, 2018), which were 35 
attributable in part to anthropogenic forcing.  The regions included south of Cuba, the northern Bahamas, 36 
and the Windward Islands. These findings did not hold over the shorter time intervals they analysed (1951–37 
2010 and 1981–2010). In general, the positive regional trend in precipitation at 2% and trends in extremes 38 
from 1961 to 2010 are not statistically significant (at the 5% level) in the Caribbean (Stephenson et al., 2014; 39 
Beharry et al., 2015). Over the western Pacific, interannual and decadal variabilities also drive long-term 40 
trends in rainfall. Recent analysis of station data showed spatial variations in the mostly decreasing but non-41 
significant trends in the annual total and extreme rainfall over the Western Pacific from 1961–2011 (low 42 
confidence) (McGree et al., 2014). 43 
 44 
 45 
Atlas.5.8.3 Assessment and synthesis of projections 46 
 47 
Projections indicate increases in median values ranging from 1°C (RCP 4.5) to 1.5°C (RCP 8.5) in the period 48 
2046–2065, and from 1.3°C (RCP 4.5) to 2.8°C (RCP 8.5) by 2081–2100, relative to 1986–2005 (very likely) 49 
(Harter et al., 2015). Spatial variations in the warming trend are projected to increase by the end of the 21st 50 
century, with relatively higher increases in the arctic and sub-arctic islands, and in the equatorial regions 51 
compared with islands in the Southern Ocean (Harter et al., 2015). [Placeholder: future projections to be 52 
updated with AR6 values]. In the western Pacific, temperatures are projected to increase by 2.0°C to 4.5°C 53 
by the end of the 21st century relative to 1961–1990 (Wang et al., 2016). The warming over land in the 54 
Lesser Antilles is estimated to be about 1.6 (3.0)°C by 2071–2100 for the RCP 4.5 (RCP8.5) scenario, 55 
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relative to 1971–2000 (Cantet et al., 2014). 1 
 2 
While some small islands in parts of the western and equatorial Pacific, and Southern Ocean are projected to 3 
have wetter conditions in the future, drier conditions are projected over parts of the Caribbean, central and 4 
eastern Pacific, Atlantic Ocean, and Indian Ocean (low/medium confidence). A recent study using CMIP5 5 
multi-model projections noted a slight median increase in precipitation for the majority of the small islands 6 
globally from around 1–2% in the period 2046–2065, to 2–3% in the period 2081–2100 for RCP2.6 to 7 
RCP8.5, relative to 1986–2005 (low/medium confidence, model agreement) (Harter et al., 2015) 8 
[Placeholder: to be updated with AR6 numbers]. However, there is notable variability among islands, 9 
wherein precipitation is projected to decrease up to -16% over the Caribbean, Atlantic Ocean, and parts of 10 
Indian Ocean and central and eastern Pacific Ocean, and increase up to 10% over parts of the western Pacific 11 
and Southern Ocean, and up to 55% in the equatorial Pacific islands in the period 2081–2100 under RCP 6.0,  12 
relative to 1986–2005 (Harter et al., 2015) (low/medium confidence, model agreement). A projected decrease 13 
in annual precipitation is also noted over the Lesser Antilles under the RCP4.5 and RCP8.5 scenarios (Cantet 14 
et al., 2014). Seasonal rainfall is projected to decrease in most areas in Hawaii, except for the climatically 15 
wet windward side of the mountains, which would increase the wet and dry gradient over the area (low 16 
confidence) (Timm et al., 2015). The average precipitation changes in Hawaii are estimated to be about -11% 17 
to -28% under RCP 4.5 (-31% under RCP 8.5) during the wet season, and about -4% to -28% under RCP 4.5 18 
(-53% under RCP 8.5) during the dry season in the period 2041-2071 relative to 1975–2005 (low confidence) 19 
(Timm et al., 2015). There are still uncertainties in the projected changes, which have been attributed to 20 
factors including insufficient model skill in representing topography in the small islands, and high variability 21 
in climate drivers (Harter et al., 2015). 22 
 23 
 24 
Atlas.5.9 Polar regions 25 
 26 
This section assesses climate change over the polar regions, Antarctica and the Arctic. Climatic regions (see 27 
Figure Atlas.2:) defined for Antarctica include West Antarctica (WAN – including the Antarctic Peninsula), 28 
East Antarctica (EAN) and the Southern Oceans (SOO) and for the Arctic include: Arctic Ocean (ARCO), 29 
Greenland/Iceland (GIC), northeast Canada (NEC), north-western North America (NWA), and Russian 30 
Arctic (RAR). 31 
 32 
 33 
Atlas.5.9.1 Antarctica 34 
 35 
Regional executive summary 36 
 37 
Atlas - Antarctica section focuses on changes in surface air temperatures and precipitation (represented also 38 
by surface mass balance).  39 
 40 
The annual mean surface air temperature in West Antarctica likely increased by 0.2°C to 0.3°C per 41 
decade from 1958 to 2012, whereas that in East Antarctica likely showed no significant trends in 42 
temperature over the same period. The largest warming within West Antarctica has been observed in 43 
austral winter (0.28 ± 0.27°C) and spring (0.39 ± 0.21°C) (medium confidence due to limited observations). 44 
The Antarctic Peninsula very likely experienced the fastest warming with a rate of 0.3°C to 0.5°C per decade 45 
since around 1950. {Atlas.5.9.1.2}  46 
 47 
West Antarctica likely experienced an increase in surface mass balance mostly seen over the Antarctic 48 
Peninsula and the east part of West Antarctica, while the surface mass balance in East Antarctica 49 
showed strong interannual variability over recent decades, masking any possible existing trends 50 
(medium confidence due to limited observations). Changes in surface mass balance are likely driven by 51 
changes in precipitation. The surface mass balance in West Antarctica showed a significant increase in the 52 
east side and significant decrease in the west side (respectively 5 to 15 mm water equivalent and -5 to -15 53 
mm water equivalent per decade from 1957 to 2000). The Antarctic Peninsula has very likely experienced an 54 
increase in surface mass balance over the last century (beginning in about 1930 and accelerating during the 55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-97 Total pages: 251 

1990s). It is likely that the increased surface mass balance has slightly compensated for the total Antarctic 1 
ice-sheet mass loss. {Atlas.5.9.1.2} 2 
 3 
Whether the 21st century evolves under low-, intermediate- or high-emission scenarios, both West and 4 
East Antarctica will likely experience higher annual mean surface air temperatures and more 5 
precipitation, which will have a dominant influence on determining future changes in the surface mass 6 
balance. The projected Antarctic mean increase in temperature and in precipitation (median for CMIP6 7 
models compared to the 1986–2005 baseline period) will likely be up to 1°C and 7% by 2050 and 1.4°C and 8 
7% by 2100 under the sustainable (low emission) scenario SSP1-2.6, while up to 2°C and 12% by 2050 and 9 
5°C and 30% by 2100 under the high-emission scenario SSP5-8.5. Although the projected increases in 10 
temperature and precipitation are largest over the interior of Antarctica, it is likely that the warming around 11 
the coastal margins by the end of the century under the high-emission scenario will lead to enhanced surface 12 
melting that has been historically leading to the ice-shelf collapse. {Atlas.5.9.1.4}  13 
 14 
 15 
Atlas.5.9.1.1 Key features of the regional climate and previous findings from IPCC assessments 16 
 17 
Key features of the regional climate 18 
The current climate in Antarctica and the Southern Ocean is influenced by interactions between the ice sheet, 19 
the ocean, sea ice, and the atmosphere, and their responses to climate drivers – see Chapters 9, 10, 11; 20 
SROCC (IPCC, 2019b).  21 
 22 
Snowfall is the largest positive component of the surface mass balance, exhibiting significant spatial and 23 
temporal variability over the ice sheet while surface air temperatures affect snowmelt amounts mainly at the 24 
ice sheet margins (Chapter 9). Even though Antarctica is the coldest continent on Earth, meltwater 25 
production over its ice shelves can be significant, leading to meltwater ponding. While it is more common in 26 
summer, the intense winter surface melt can be driven by episodes of foehn winds on the leeside of the 27 
mountains and by warm air intrusions from the ocean. Local snow accumulation is also influenced by 28 
sublimation and snow transport. These variables have a direct impact on the total ice-sheet mass balance and 29 
consequently on the ocean state (Chapter 9) and are tightly linked with the global climate (Chapter 10).  30 
 31 
The total ice-sheet mass change is also strongly influenced by oceanic processes – changes in the total ice 32 
sheet mass balance, sea ice and other key parameters and processes relevant to the Antarctic ice sheet are 33 
discussed in Chapter 9 and the SROCC report (IPCC, 2019b). The Antarctic contribution to sea-level results 34 
from the small imbalance between mass loss by ice discharge into the ocean and mass gain by net snow 35 
accumulation, i.e. the surface mass balance. Overall the Antarctic ice sheet has been losing mass and its 36 
recent contribution to global mean sea-level rise has been estimated at 7.6 ± 3.9 mm between 1992 and 2017 37 
corresponding to the loss of 2,720 ± 1,390 billion tonnes of ice (Chapter 9). 38 
 39 
Previous findings from IPCC assessments 40 
The following summary from previous IPCC reports is derived from the SROCC report (IPCC, 2019b) 41 
unless otherwise stated.  42 
 43 
Unlike the Arctic, the Antarctic ice sheet showed more variability in the surface air temperature changes 44 
over the past 30 to 50 years. Parts of the West Antarctica experienced warming, while no significant overall 45 
change was observed over East Antarctica. These trend estimates have low confidence due to the sparse in 46 
situ measurements and large interannual to interdecadal variability.  47 
  48 
Record surface warmth was experienced in West Antarctica during the 1990s relative to the past 200 years. 49 
The Antarctic Peninsula surface melting has intensified since the mid 20th century with the last three 50 
decades of the 20th century showing a melt unprecedented over the past 1,000 years. More positive Southern 51 
Annular Mode caused increased foehn winds and consequently increased surface melting on the Larsen ice 52 
shelves. Strong warming between the mid-1950s and the late 1990s lead to the collapse of the Larsen B ice 53 
shelf in 2002, which had been intact for the 11,000 years. 54 
  55 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-98 Total pages: 251 

Snowfall has increased over the ice sheet by 4 ± 1 Gt then 14 ± 1 Gt per decade over the 19th and 20th 1 
centuries (high confidence): the largest increase was found over East Antarctica, followed by the Antarctic 2 
Peninsula and West Antarctica, offsetting the 20th century sea-level rise respectively by 7.7 ± 4.0 mm, 6.2 ± 3 
1.7 mm and 2.8 ± 1.7 mm per century (medium confidence). Longer records suggest either an Antarctic ice 4 
sheet snowfall decrease over the last 1000 years or a statistically negligible change over the last 800 years 5 
(low confidence). 6 
 7 
There is medium agreement but limited evidence of anthropogenic forcing impact on Antarctic ice-sheet 8 
mass balance through both surface mass balance and glacier dynamics (low confidence). Partitioning 9 
between natural and human drivers of atmospheric and ocean circulation changes remains very uncertain – 10 
see SROCC (IPCC, 2019b) for a detailed description. 11 
 12 
 13 
Atlas.5.9.1.2 Assessment and synthesis of observations, trends and attribution 14 
Surface air temperature trend estimates are available during the instrumental period – which starts at the 15 
end of 1950s in Antarctica –, based on station observations and automatic weather stations (see Figure 16 
Atlas.45:). Longer-term estimates (century and longer) are available from reconstructions, based on regional 17 
composites of a stable water isotope (δ18O) in ice cores. 18 
 19 
The Antarctic Peninsula has warmed much faster than the global average since 1950 with recent estimates of 20 
0.5°C per decade from 1951 to 2006 (Turner et al., 2014) and 0.33 ± 0.17°C per decade from 1958 to 2012 21 
(Nicolas and Bromwich, 2014) (high confidence). Reconstructions during the last century showed a 22 
significant warming trend from 1915 to 2010 ranging from 0.20 ± 0.08°C per decade to 0.29 ± 0.11°C per 23 
decade, depending of the reconstruction method (Stenni et al., 2017). This century-scale warming trend is 24 
unusual in the context of natural variability over the last 2000 years (Stenni et al., 2017). As detailed in the 25 
SROCC special report (IPCC, 2019b), the recent warming in the Antarctic Peninsula and consequent ice-26 
shelf collapses are linked to anthropogenic ozone and greenhouse-gas forcing via the Southern Annular 27 
Mode and to anthropogenically-driven Atlantic sea-surface warming via the Atlantic Multidecadal 28 
Oscillation. This warming trend in the Antarctic Peninsula is strong and significant, despite its short recent 29 
slowdown (since the 2000s), attributed to a greater frequency of cyclonic conditions in the Weddell sea 30 
which result in cold, south-easterly winds (Turner et al., 2016).  31 
 32 
West Antarctica experienced warming between 1950 and 2010: an increase of 0.42 ± 0.24°C per decade 33 
from 1958 to 2010 was measured at Byrd station (Bromwich et al., 2012, 2014) as was an increase of 0.22 ± 34 
0.12°C per decade from 1958 to 2012 averaged over the West Antarctica but excluding the Antarctic 35 
Peninsula (Nicolas and Bromwich, 2014). The strongest warming signal in West Antarctica has likely been 36 
observed in austral winter and spring (0.28 ± 0.27°C and 0.39 ± 0.21°C respectively). Reconstructions show 37 
a century-scale temperature increase ranging from 0.10 ± 0.08°C per decade to 0.11 ± 0.09°C per decade 38 
from 1915 to 2015 (Stenni et al., 2017). This warming trend falls in the high end of century-scale trends over 39 
the last 2000 years (Stenni et al., 2017). Figure Atlas.45: shows changes in surface air temperature, sea 40 
surface temperature, sea-ice extent and near-surface winds during the enhanced instrumental period (1979-41 
2014) demonstrating significant warming over the Antarctic Peninsula and West Antarctica, cooling over 42 
parts of East Antarctica, strengthening of the westerlies, and high variability in sea-ice extent with an 43 
increasing trend in southern hemispheric mean values (Jones et al., 2016a).  44 
 45 
In contrast to West Antarctica, no significant warming was measured over East Antarctica from 1958 to 46 
2012 (Nicolas and Bromwich, 2014). A particularly strong difference between the east and west sides of the 47 
Trans-Antarctic mountains – marking the divide between the East and West Antarctic ice sheets – is found 48 
during winter (cooling or weak warming) and spring (strong warming) (Nicolas and Bromwich, 2014). The 49 
only station with a significant warming in East Antarctica is Kohnen Station in Queen Maud Land, showing 50 
warming at a rate of 1.15 ± 0.71°C per decade from 1998 to 2016 (Medley et al., 2018). Reconstructions 51 
over the last century show no significant trend for East Antarctica (Stenni et al., 2017). A significant 52 
warming signal is found in Queen Maud Land Coast of 0.01 ± 0.07°C to 0.13 ± 0.09°C per decade from 53 
1915 to 2010, which falls into the centennial internal variability (Stenni et al., 2017). 54 
 55 
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[START Figure Atlas.45: HERE] 1 
 2 
Figure Atlas.45: a) Surface air temperature (SAT) and sea surface temperature (SST) change over the 1979–2014 3 

period based on observational records (Jones et al., 2016a). b) Air temperature change during the 4 
1995–2014 period based on EWEMBI data (from Interactive Atlas available at http://ipcc-5 
atlas.ifca.es). Thin black lines denote WAN and EAN, the two main reference regions as used in the 6 
Interactive Atlas for Antarctica. 7 

 8 
[END Figure Atlas.45: HERE] 9 
 10 
 11 
Since the late 1990s, surface melting of the ice shelves and coastal margins of West Antarctica has 12 
increased due to more frequent and stronger intrusions of warm marine air onto the ice sheet caused by 13 
Amundsen Sea blocking anticyclones and the negative polarity of the Southern Annular Mode, which are 14 
both related to El Niño conditions (Scott et al., 2019). A similar circulation pattern directs atmospheric rivers 15 
toward Antarctica, which are associated with around 40% of the total summer meltwater generated across the 16 
Ross Ice Shelf to nearly 100% in the higher elevation Marie Byrd Land and 40–80% of the total winter 17 
meltwater generated on the Wilkins, Bach, George IV and Larsen B and C ice shelves (Wille et al., 2019). It 18 
is likely that meltwater ponding have led to the rapid ice-shelf collapses of the Larsen B (De Rydt et al., 19 
2015) and Larsen C (Borstad et al., 2013; Luckman et al., 2014; Kuipers Munneke et al., 2018) ice shelves in 20 
the Antarctic Peninsula, which caused an ice-discharge acceleration due to the removal of ice shelves 21 
buttressing effect (Scambos et al., 2014; Rignot et al., 2019). 22 
 23 
Precipitation in Antarctica occurs mostly in the form of snowfall and diamond dust, with rainfall present 24 
mostly only during the short summer period in the coastal regions, the Antarctic Peninsula and sub-Antarctic 25 
islands. Recently, warm events in the West Antarctica associated with drizzle were observed (Nicolas et al., 26 
2017; Wille et al., 2019). In the current climate, most rain falling on the Antarctic continent refreezes in the 27 
snowpack due to the low temperature and thus also contributes to ice-sheet mass accumulation (Agosta et al., 28 
2019; Lenaerts et al., 2019). 29 
 30 
Direct observations of snowfall using traditional gauges are highly uncertain due to strong winds and 31 
blowing snow. Only a few stations have started to be equipped with precipitation radars (Gorodetskaya et al., 32 
2015; Grazioli et al., 2017) with records still not long enough to allow for the assessment of trends. Trends in 33 
precipitation cannot be assessed with reanalyses because spurious changes are introduced by the increase in 34 
assimilated satellite observations (Nicolas and Bromwich, 2011). Assessment of the Antarctic-wide snowfall 35 
climatology is available using satellite-borne radar observations (CloudSat): it provides a mean snowfall rate 36 
of 171 mm year-1 from August 2006 to April 2011 (Palerme et al., 2014) (medium confidence). Precipitation 37 
trends in CMIP5 models which simulate snowfall rates within ±20 % of the CloudSat estimates give an 38 
average Antarctic precipitation increase of 2.1 mm per decade from 1956 to 2000 (Palerme et al., 2017).  39 
 40 
In the context of lack of precipitation measurements, observations of surface mass balance (net snow 41 
accumulation on the surface) through various techniques (summarized by Lenaerts et al. (2019)) – including 42 
annually resolved radar transects (Eisen et al., 2008), stake lines (Favier et al., 2013), sonic snow height 43 
meters on automatic weather stations (Gorodetskaya et al., 2013) and ice core records (Thomas et al., 2015, 44 
2017) –, are considered as a good proxy of precipitation if averaged over a sufficiently long period (e.g., 45 
yearly).  46 
 47 
The Antarctic Peninsula has experienced a significant increase in surface mass balance, beginning in about 48 
1930 and accelerating during the 1990s (Thomas et al., 2017). This is the only region in Antarctica where 49 
both the most recent 50-year and 100-year trends are outside of the observed range for the past 300 years. 50 
West Antarctica overall has shown a stable surface mass balance from 1980 to 2009 but with high regional 51 
variability (Medley et al., 2013). Significant increases in accumulation are observed on the east side of the 52 
West Antarctic ice sheet divide of 5 to 15 mm water equivalent per decade from 1957 to 2000 with 53 
significant decreases on the west side of -1 to -5 mm water equivalent per decade from 1901 to 1956 and -5 54 
to -15 mm water equivalent per decade from 1957 to 2000 (Medley and Thomas, 2019). Overall, the 55 
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increasing accumulation trend over the Antarctic Peninsula and eastern West Antarctica mitigated global 1 
mean sea-level rise by 0.28 ± 0.17 mm per decade over the 20th century (Medley and Thomas, 2019). 2 
 3 
The surface mass balance of East Antarctica increased during the 20th century, which likely mitigated global 4 
mean sea-level rise by 0.77 ± 0.40 mm per decade (Medley and Thomas, 2019). A significant increase in 5 
snow accumulation of 5.2 ± 3.7% per decade from 1920 to 2011 was recorded by an ice core in western 6 
Dronning Maud Land, near the Kohen station (Medley et al., 2018). The surface mass balance was found to 7 
decrease significantly in eastern Dronning Maud Land and western Wilkes Land from 1957 to 2000 (Medley 8 
and Thomas, 2019). The surface mass balance was found stable during the 1901–2000 period and the last 9 
decades in the interior of the East Antarctic plateau (Thomas et al., 2017; Medley and Thomas, 2019), stable 10 
over western Dronning Maud Land (Syowa-Dome F annual stake line, 1975–2006 period) (Wang et al., 11 
2015), and stable in Adelie Land (annual stake line, 1971–2008 period) (Agosta et al., 2012). In the second 12 
half of the 20th century, ice-shelf cores showed a negative trend of the surface mass balance but an increase 13 
on the plateau in western Dronning Maud Land (Altnau et al., 2015). Regional trends of the last 50 years 14 
(1961–2010) and 100 years (1911–2010) fall into centennial variability of the past 1,000 years, except for 15 
coastal Dronning Maud Land (unusual 100-year increase in accumulation) and for coastal Victoria Land 16 
(unusual 100-year decrease in accumulation) (Thomas et al., 2017). This contradicts some previous studies 17 
which suggest a negligible change in the Antarctic surface mass balance, both over West and East 18 
Antarctica, since 1957 (Monaghan et al., 2006) and that the current surface mass balance is not exceptionally 19 
high compared to the past 800 years (Frezzotti et al., 2013; Medley and Thomas, 2019). 20 
 21 
Queen Maud Land (East Antarctica) experienced extreme surface mass balance anomalies in 2009 and 2011, 22 
unprecedented in the last 60 years (Lenaerts et al., 2013). These have been related to a handful of regionally 23 
extreme anomalous snowfall events attributed to the large-scale atmospheric blocking directing intense 24 
moisture flux within extra-tropical cyclones towards Antarctica (Gorodetskaya et al., 2014) and frequency of 25 
such events in Antarctica has been increasing since 1979 (Turner et al., 2019; Wille et al., 2019). 26 
 27 
As noted also in the SROCC Special Report (IPCC, 2019b), disentangling natural and human drivers of 28 
atmospheric and ocean circulation changes which may influence the surface mass balance remains very 29 
uncertain. The geographic pattern of accumulation changes since 1957 bears a strong imprint of a trend 30 
towards more positive phases of the Southern Annular Mode (e.g., Medley and Thomas, 2019). At the same 31 
time, large-scale blocking and increased meridional moisture flow causing moist and warm air intrusions in 32 
West Antarctica was found to be associated with a negative Southern Annular Mode (Scott et al., 2019). 33 
There is some recent limited evidence from modelling, observations and reanalyses that increased Antarctic 34 
precipitation might have mitigated dynamical ice-mass losses by about 50 Gt yr-1 since about 1990 (Lenaerts 35 
et al., 2018; Medley and Thomas, 2019) and at lower rates over the entire 20th century (Medley and Thomas, 36 
2019). The cause of this possible increase, which could be circulation changes linked to ozone depletion 37 
(Lenaerts et al., 2018) or large-scale warming (Frieler et al., 2015; Medley and Thomas, 2019), is unclear – 38 
see the SROCC Special Report (IPCC, 2019b) for a more detailed discussion of attribution and its 39 
uncertainties. 40 
 41 
 42 
Atlas.5.9.1.3 Assessment of model performance 43 
Because Antarctica is an exceptionally data-sparse region, regional and local surface mass balance and 44 
climate information for the present day from relatively coarse general circulation models (GCMs) or high-45 
resolution regional climate models (RCMs) are needed. Fewer than 10 out of 41 CMIP5 GCMs have 46 
reasonable biases when compared to ERA-Interim reanalysis with simulated present-day temperature 47 
increases highly sensitive to Southern Ocean sea-ice biases in the models (Agosta et al., 2015; Bracegirdle et 48 
al., 2015). 49 
 50 
Comparison of CMIP5 models with Cloudsat satellite products and ERA-Interim reanalyses showed that 51 
almost all the models overestimate current Antarctic precipitation, some by more than 100% (Palerme et al., 52 
2017), hence resulting in large biases in the surface mass balance. GCM simulations of surface snow-melt 53 
processes are of variable quality, with the processes represented extremely simply in the models or even non-54 
existent (Agosta et al., 2015; Trusel et al., 2015). This is not overly important for current climate simulations 55 
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as most meltwater refreezes in the snowpack and does not run off into the ocean. However, run-off is 1 
expected to increase in the future climate under global warming. Snowpack models and related processes are 2 
being further improved by several research groups around the world for better future projections. The new 3 
generation of Earth system models, such as CESM2 (included in CMIP6), have been updated with improved 4 
snow-layer scheme to represent better polar conditions (Lenaerts et al., 2016). Surface melting is still 5 
considerably overestimated in CESM2 compared to RCMs and satellite products, because of the reduced 6 
potential for refreezing and overestimation of the net energy available for melt (Trusel et al., 2015; Lenaerts 7 
et al., 2016). This emphasizes the need for better snow-melt parameterizations and representation of 8 
feedback processes such as melt-albedo and cloud radiative forcing. 9 
 10 
Assimilation of observations in reanalysis products yield realistic temperature patterns and seasonal 11 
variations, with the newest dataset (ERA5 reanalysis) performing the best. The reanalyses’ ability to simulate 12 
precipitation and the surface mass balance is more variable, and they generally overestimate the surface mass 13 
balance, except for ERA5 which shows an underestimation and the lowest bias (Gossart et al., 2019), but are 14 
well suited to provide atmospheric and sea-surface boundary conditions to drive RCMs. 15 
 16 
Gorte et al. (submitted) selected a subset of the top 10th percentile of models, when compared to ice-core 17 
reconstructions from Medley and Thomas (2019), from both the CMIP5 and currently released CMIP6 18 
models. The resulting refined projections for the surface mass balance integrated over the entire Antarctic ice 19 
sheet during the 2000–2100 period for RCP 2.6, 4.5, and 8.5 are 2295 ± 1222 Gt, 2382 ± 1316 Gt, and 20 
2648 ± 1530 Gt per year respectively.  21 
 22 
To date, published studies of higher-resolution hindcast RCM simulations covering mainly Antarctica are 23 
limited to a few model simulations with a grid spacing of 12 to 50 km, and including RACMO2 (van 24 
Wessem et al., 2018), MAR (Agosta et al., 2019), COSMO-CLM2 (Souverijns et al., 2019), HIRHAM5 25 
(Lucas-Picher et al., 2012), and MetUM (Walters et al., 2017; Mottram et al., submitted). These models are 26 
typically forced by reanalysis products such as ERA-Interim, and their simulations agree reasonably well 27 
with available measurements of temperature, surface melt, and surface mass balance, including the coast-to-28 
plateau surface mass balance gradients (see Figure Atlas.46:). These studies also often highlight important 29 
processes that are sometimes missing or under-represented in the models, such as drifting-snow transport 30 
(Agosta et al., 2019) and cloud-precipitation microphysical processes (van Wessem et al., 2018). Other 31 
studies using regional climate models have employed much finer grid spacings of around 5 km to run 32 
successful hindcast climate simulations of particular regions of Antarctica, such as the Antarctic Peninsula 33 
using MAR and RACMO2 models (Datta et al., 2018; van Wessem et al., 2018) and West Antarctica using 34 
the RACMO2 and/or MAR models (Lenaerts et al., 2018; Donat-Magnin et al., 2019) and the Weddell Sea 35 
region using the CCLM model (Zentek, R. and Heinemann, 2019). The latest estimates, using model mean 36 
ensemble estimates of the surface mass balance from Polar-CORDEX using nine high-resolution RCMs, are 37 
2122 Gt yr–1 for the grounded ice sheet (excluding ice shelves) and 2485 Gt yr–1 for the whole ice sheet 38 
including ice shelves for the period of 1980 to 2010. The standard deviation amongst models is 306 Gt yr–1 39 
for the whole ice sheet and 266 Gt yr–1 for the grounded ice sheet, and is largely explained by differences in 40 
boundary-forcing methodology and cloud microphysics (Mottram et al., submitted).  41 
 42 
For the 1979–2015 period, a cross-evaluation of two RCMs specifically applied to Antarctica, MAR and 43 
RACMO2 both forced by ERA-Interim reanalysis products, identified missing and underrepresented 44 
processes in both models (Agosta et al., 2019). In particular, despite MAR and RACMO2 simulating the 45 
coast-to-plateau surface-mass-balance gradient well, comparison of the simulated surface mass balance with 46 
observations also highlighted the importance of drifting-snow transport that is not included in MAR and is 47 
underestimated in RACMO2, suggesting a need to simulate better and constrain drifting-snow fluxes in 48 
climate models. 49 
 50 
Using non-hydrostatic regional models, such as Polar-WRF (Grosvenor et al., 2014; Elvidge et al., 2015; 51 
Elvidge and Renfrew, 2016; King et al., 2017; Hines et al., 2019; Vignon et al., 2019) or HARMONIE-52 
AROME (Mottram et al., 2017) up to finer resolutions approaching 2 km, could solve remaining 53 
discrepancies in RCM simulations, but are still often unable to resolve accurately the relevant feedbacks and 54 
foehn processes (Turton et al., 2017; Bozkurt et al., 2018). 55 
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[START Figure Atlas.46: HERE] 1 
 2 
Figure Atlas.46:  Maps of Antarctic mean surface mass balance from Polar CORDEX forced by ERA-Interim 3 

reanalysis (taken from Mottram et al. (submitted)). The models are MetUM, COSMO-CLM2, 4 
RACMO2.1p, HIRHAM, MAR v3.10 and RACMO2.3p2. The period is 1980 to 2010 with the 5 
exception of COSMO-CLM2 where the time series starts in 1987. 6 

 7 
[END Figure Atlas.46: HERE] 8 
 9 
 10 
Atlas.5.9.1.4 Assessment and synthesis of projections 11 
The Antarctic region is very likely to experience an increase in annual mean temperature and precipitation by 12 
the end of this century under the high-emissions scenario (Collins et al., 2013; Bracegirdle et al., 2015; 13 
Frieler et al., 2015; Lenaerts et al., 2016; Previdi and Polvani, 2016; Palerme et al., 2017). Figure Atlas.47: 14 
shows that there is a relatively good agreement under the high-emissions scenario between the CMIP5 15 
RCP8.5 and CMIP6 SSP5-8.5 ensemble mean, with them both showing warming of over 2°C for the 2041–16 
2060 period over much of Antarctica, and a median warming of 4°C for CMIP5 RCP8.5 and nearer 5°C for 17 
CMIP6 SSP5-8.5 for the 2081–2100 period (relative to 1986–2005). Figure Atlas.47: also shows projected 18 
increases in precipitation of up to 20% over Antarctica for the 2041–2060 period and median changes of 19 
around 30% for the 2081–2100 period for CMIP6 SSP5-8.5 scenario projections (relative to 1986–2005). 20 
Both the warming and increase in precipitation are largest over the interior of Antarctica, with a projected 21 
increase in precipitation of around 30% by the end of the century when averaged over the entire Antarctic ice 22 
sheet. By contrast, for the medium stabilisation scenario there is warming of up to 2°C by the mid century 23 
and 3°C by the end of century based on CMIP5 RCP4.5 (Collins et al., 2013). Based on CMIP5 models, the 24 
projected increase in precipitation will also result in an increase in surface mass balance, which would 25 
correspond to a negative contribution to sea-level rise (Palerme et al., 2017). 26 
 27 
Projections of all RCMs from Polar-CORDEX for total annual precipitation change in the middle of the 21st 28 
century for RCP8.5 show precipitation increasing over most of the Antarctic continent (this and other results 29 
from these RCMs can be visualised in the Interactive Atlas). According to regional climate model 30 
projections (Lenaerts et al., 2013), East Antarctica is increasingly likely to experience snow accumulation 31 
anomalies towards the end of the 21st century attributed to anomalously high snowfall of the scale as during 32 
the first half of 2009 and 2011 in Queen Maud Land, East Antarctica (Boening et al., 2012; Gorodetskaya et 33 
al., 2014). A combination of observations and regional climate model simulations has shown that the 34 
relationship between summer air temperatures and surface melting over Antarctic ice shelves is highly non-35 
linear (Trusel et al., 2015). CMIP5 models, bias-corrected based on regional climate model simulations, 36 
showed that the projected warming around the periphery of Antarctica is expected to result in increased 37 
surface melting over its ice shelves, with melt on several ice shelves under the high-emission scenario (such 38 
as Larsen C, Wilkins, George VI) approaching or surpassing intensities that were linked with the collapse of 39 
Larsen A and B ice shelves (Trusel et al., 2015). 40 
 41 
 42 
[START Figure Atlas.47: HERE] 43 
 44 
Figure Atlas.47:  (a–d) Climate change projections of annual mean surface air temperature and precipitation from 45 

CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 46 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 47 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 48 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 49 
2018). 50 
(e–f) Regional mean changes in annual mean surface air temperature and precipitation for the two 51 
Antarctic regions (WAN and EAN). The top row shows the median (dots) and 10th–90th percentile 52 
range across each model ensemble for annual mean temperature changes, for two datasets (CMIP5 53 
and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 54 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 55 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 56 
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changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–1 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 2 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 3 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 4 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-5 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  6 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 7 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 8 

 9 
[END Figure Atlas.47: HERE] 10 
 11 
 12 
Atlas.5.9.2 Arctic 13 
 14 
Regional executive summary 15 
 16 
It is very likely that the Arctic has warmed at more than twice the global rate over the past 50 years 17 
and likely that annual precipitation has increased with the highest increases during the cold season. 18 
This is based on thermodynamic changes that includes the increase in surface absorption of solar radiation 19 
due to changes in sea ice, ice, and snow cover contributing to the amplified warming (high confidence). It is 20 
likely that the frequency of rainfall increased over the Arctic by 2.7–5.4% over the 2000–2016 period with 21 
more frequent rainfall events being reported for northern Europe and Svalbard. {Atlas.5.9.2.2} 22 
 23 
It is likely that the Arctic annual mean temperature and precipitation will continue to increase 24 
reaching 12.5 ± 2.9°C and 54.7 ± 13.7 mm over the 2081–2100 period (with respect to a 1995–2014 25 
baseline) under the SSP5/RCP8.5 scenario or 4.0 ± 1.4°C and 17.3 ± 6.6 mm under the SSP1/RCP2.6 26 
scenario. These are preliminary results from the current set of CMIP6 results available in the Interactive 27 
Atlas at the time of the release of the Second-Order Draft. These CMIP6 results show likely higher Arctic 28 
annual mean temperatures and precipitation compared to CMIP5 for both SSP5/RCP8.5 and for 29 
SSP1/RCP2.6. {Atlas.5.9.2.4} 30 
 31 
It is likely that the Arctic annual precipitation will increase twice as fast as the global annual 32 
precipitation over the 2081–2100 period (with respect to a 1995–2014 baseline). This is the case for the 33 
CMIP6 GCMs for both SSP5/RCP8.5 and SSP1/RCP2.6 scenarios. {Atlas.5.9.2.4} 34 
 35 
 36 
Atlas.5.9.2.1 Key features of the regional climate and previous findings from IPCC assessments 37 
Key features of the regional climate 38 
The Arctic has a polar climate, which is governed by mid-latitude atmospheric circulation, baroclinicity at 39 
the polar front, the planetary wave meanders of the jet stream and blocking highs. The potential for Arctic 40 
climate to change due to increased greenhouse gases was established in modelling in the 1980s (Manabe and 41 
Stouffer, 1980) and clearly demonstrated in more recent observational studies (Serreze et al., 2000). A 42 
number of physical processes contribute to amplified Arctic temperature variations as compared to the global 43 
temperature in particular thermodynamic changes that include the increase in surface absorption of solar 44 
radiation due to surface albedo feedbacks related with sea-ice, ice, and snow-cover retreat as well as 45 
poleward energy transports, water-vapour-radiation and cloud-radiation feedbacks (Screen and Simmonds, 46 
2010; Serreze and Barry, 2011; Pithan and Mauritsen, 2014; Bintanja and Krikken, 2016; Graversen and 47 
Burtu, 2016; Franzke et al., 2017; Stuecker et al., 2018). 48 
 49 
Previous findings from IPCC assessments 50 
The following summary from previous IPCC reports is derived from the SROCC Special Report (IPCC, 51 
2019b) unless otherwise stated. Arctic surface air temperatures have increased from the mid-1950s, with 52 
feedbacks from loss of sea ice and snow cover contributing to the amplified warming (high confidence) 53 
(IPCC, 2018b), and have likely increased by more than double the global average over the last two decades 54 
(high confidence). During the winters (January–March) of 2016 and 2018, surface temperatures in the central 55 
Arctic were 6°C above the 1981–2010 average. The frequency of marine heatwaves is very likely to increase 56 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-104 Total pages: 251 

for the Arctic Ocean by 2081–2100 under RCP2.6 and RCP8.5, relative to the frequency of occurrence 1 
during the 1850–1900 period (medium confidence) (IPCC, 2019b). Further, changes in precipitation will not 2 
be uniform. The high latitudes are likely to experience an increase in annual mean precipitation under the 3 
RCP8.5 scenario (IPCC, 2013b). 4 
 5 
Arctic snow cover in June has declined by 13.4 ± 5.4% per decade from 1967 to 2018 (high confidence). 6 
Autumn and spring snow cover duration are projected to decrease by a further 5–10% from current 7 
conditions in the near term (2031–2050). No further losses are projected under the RCP2.6 emissions 8 
scenario whereas a further 15–25% reduction in snow cover duration is projected by end of century under 9 
RCP8.5 (high confidence). Arctic glaciers are losing mass (very high confidence) and this along with 10 
changes in high-mountain snow melt have caused changes in river runoff and Arctic hydrology that are 11 
projected to continue in the near term (high confidence). The rate of ice loss from the Greenland ice sheet has 12 
increased (extremely likely, very high confidence) with the mass loss being dominated by surface melting 13 
(high confidence). For the 2006–2015 period, the rate of ice-mass loss was 278 ± 11 Gt yr-1 with the rate for 14 
the 2012–2016 period higher than for the 2002–2011 period, and several times higher than for the 1992–15 
2001 period (extremely likely, high confidence). 16 
 17 
The Arctic sea-ice extent is declining in all months of the year (high confidence) with the September sea-ice 18 
minimum very likely having reduced by 12.8 ± 2.3% per decade during the satellite era (1979 to 2018) to 19 
levels unprecedented for at least 1,000 years (high confidence). It is virtually certain that Arctic sea ice has 20 
thinned, concurrent with a shift to younger ice, since 1979 with the areal proportion of thick ice at least five 21 
years old declining by approximately 90%. Approximately half of the observed sea-ice loss is attributed to 22 
anthropogenic global warming (medium confidence). The direct relationship between summer Arctic sea-ice 23 
extent, global temperatures and cumulative CO2 emissions provides a basis for estimating the probability of a 24 
sea-ice-free Arctic ocean in September to be around once per century for stabilised global warming of 1.5°C 25 
to at least one per decade with 2°C global warming (high confidence) (IPCC, 2018b, 2019b).  26 
 27 
 28 
Atlas.5.9.2.2 Assessment and synthesis of observations, trends and attribution 29 
Recent literature largely confirms the findings of the previous reports but with additional detail and higher 30 
confidence (for some measures) due to improvements in observations and refinement in methods. During the 31 
Medieval Climate Anomaly (MCA; around 950–1400 AD), portions of the Arctic and sub-Arctic 32 
experienced periods warmer than any subsequent period, except for the most recent 50 years (Kaufman et al., 33 
2009; Kobashi et al., 2010, 2011; Vinther et al., 2010; Spielhagen et al., 2011). Tingley and Huybers (2013) 34 
provided a statistical analysis of northern high-latitude temperature reconstructions back to 1400 and found 35 
that recent extreme hot summers are unprecedented over this time span. It is assessed that despite the 36 
uncertainties, there is sufficiently strong evidence that it is likely there has been an anthropogenic 37 
contribution to the very substantial warming in Arctic land surface temperatures over the past 50 years. That 38 
recent increases are due to different primary climate processes. For example, when the 2007 sea-ice 39 
minimum occurred, Arctic temperatures had been rising and sea-ice extent had been decreasing over the 40 
previous two decades (Stroeve et al., 2007; Screen and Simmonds, 2010). 41 
 42 
The Arctic has very likely warmed at more than twice the global rate over the past 50 years with the greatest 43 
increase during the cold season (Davy et al., 2018; Box et al., 2019). The annual average Arctic surface air 44 
temperature (north of the Arctic Circle) increased by 2.7°C from 1971 to 2017, with a 3.1°C increase in the 45 
cold season (October–May) and a 1.8°C increase in the warm season (June–September) (AMAP, 2019) 46 
(Figure Atlas.48:). Satellite-based data, which provide continuous coverage of the Arctic Ocean, estimate the 47 
rate of warming for 1981–2012 above 64°N as about 0.60 ± 0.07°C per decade in the Arctic. The trend in 48 
temperature over sea-ice covered regions was estimated to be 0.47°C per decade (very likely between 0.37°C 49 
and 0.57°C per decade at a 90% confidence level), whereas the trend was significantly higher at 0.77°C per 50 
decade (very likely between 0.60°C and 0.94°C per decade) over Greenland (Comiso and Hall, 2014). 51 
February and March are the months with the largest temperature increase of almost 5°C for the 2003–2012 52 
period, averaged over the ocean and sea-ice area north of 70°N (Kohnemann et al., 2017). It is likely that the 53 
largest Arctic warming in the last 15 years occurred over the Barents and Kara Seas with trends larger than 54 
2.5°C per decade (Susskind et al., 2019). Arctic temperatures for the recent five years (2014 to 2018) have 55 
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very likely exceeded all previous records since 1900 (Blunden and Arndt, 2019). There is a positive trend in 1 
the overall duration of winter warming events (temperature above –10°C) for both the North Pole region 2 
(4.25 days per decade) and Pacific Central Arctic (1.16 days per decade), due to an increased number of 3 
events of longer duration (Graham et al., 2017). In the permafrost region of the northern hemisphere, annual 4 
air temperatures showed trends of 0.13°C per decade for the 1901–2014 period, 0.39°C per decade for the 5 
1979–2014 period, and 0.32°C per decade for the 1998–2014 period (high confidence) (Guo et al., 2017a). 6 
Winter air temperatures very likely showed the greatest increase during the 1901–2014 period, while autumn 7 
air temperatures increased the most during the 1979–2014 period. Generally, the Arctic warming pattern has 8 
been attributed to a decline in sea-ice, changing atmospheric circulation, and advection of heat and moisture 9 
(Dahlke and Maturilli, 2017; Champagne et al., 2019; Clark and Lee, 2019; Hao et al., 2019; Kim and Kim, 10 
2019). 11 
 12 
Over the ARCO region, long-term temperature trends and variability are available from Spitsbergen 13 
(Svalbard). For the entire period of 1898 to 2012 available at Svalbard Airport, the annual mean warming is 14 
2.6°C per century, with the largest trend in spring (3.9°C per century) (Nordli et al., 2014). The winter 15 
warming is also large (2.9°C per century) with six of the 10 warmest winters occurring after 2000 (Nordli et 16 
al., 2014). Over the recent period of 1994 to 2013, the largest trend (3.1 ± 2.4°C per decade) very likely 17 
occurs in winter and the annual mean trend is very likely 1.3 ± 0.7°C per decade (Maturilli et al., 2015). 18 
Isaksen et al. (2016) report on the substantial warming in western Spitsbergen, particularly in winter (3.4–19 
4.6°C), while the summer warming is moderate (0.7–1.4°C). A multi-dataset analysis for the Canadian 20 
Arctic (NEC) shows a consistent warming (Rapaić et al., 2015), with the largest annual temperature trend (> 21 
0.3°C per decade, from 1981 to 2010) likely over eastern NEC and also significant warming over northern 22 
Quebec and most of the Canadian Arctic north of the treeline. For the longer 1950–2010 period, a consistent 23 
warming is found over central and western NEC, but no trend or no consensus is found over the Labrador 24 
coast. The latter is related with cooling of the North Atlantic region during the 1970s. In Northern Europe 25 
(NEU), based on the 1914–2013 period, statistically significant warming trends were found from March to 26 
May at all nine stations analysed by (Kivinen et al., 2017) and from September to October at most of them. 27 
In particular, this is seen in a significant decrease of extremely cold climate events (10th percentile of mean 28 
seasonal temperature) in all seasons and increase of extremely warm climate events particularly in spring and 29 
autumn in the recent 1994–2013 period, compared to earlier 20-year periods. (Saros et al., 2019) showed a 30 
step change in summer temperature (2.2°C in June, 1.1°C in July) over west Greenland after the mid-1990s. 31 
 32 
The Arctic Monitoring and Assessment Programme (AMAP) reported Arctic precipitation increases of 1.5–33 
2.0% per decade, with the strongest increase in the cold season (October–May) (AMAP, 2019). However, 34 
annual precipitation trends derived from different reanalyses do not agree, differ in sign and have low 35 
significance (Lindsay et al., 2014; Boisvert et al., 2018) (Figure Atlas.48:). Direct precipitation 36 
measurements are difficult and include uncertainties, therefore precipitation estimates in the Arctic rely on 37 
climate models and reanalyses.  38 
 39 
Based on the ‘best’ five CMIP5 model means, the mean annual precipitation in the Arctic (70-90°N; 2006 to 40 
2015) is dominated by snowfall, with 65 ± 5% of precipitation currently falling in solid form (this model 41 
estimate compares to the 68 ± 2% from the observationally driven JRA-55 reanalysis) (Bintanja and Andry, 42 
2017). However, the estimates of different reanalyses vary largely. According to an estimate of five 43 
reanalyses over the 2000–2010 period, on average, around 40% of the precipitation falls over the entire 44 
Arctic Ocean (north of 60°N) as snow (200 mm yr–1), with a prominent across-reanalyses standard deviation 45 
of 60–70 mm (Boisvert et al., 2018). The frequency of rainfall increased over the Arctic by 2.7–5.4% (high 46 
confidence) over the 2000–2016 period (Boisvert et al., 2018). More frequent rainfall events have been 47 
reported for example for NEU and ARCO (Svalbard) (Maturilli et al., 2015; AMAP, 2019). Further for 48 
NEU, the contribution of heavy daily precipitation amounts to the total precipitation has increased since 49 
1950 (Hartmann et al., 2013). 50 
 51 
Observational records (1966 to 2010) for the Russian-Arctic (RAR) region from 517 historical Russian 52 
surface weather stations over northern Eurasia show changing precipitation characteristics (Ye et al., 2016), 53 
providing values and geographical distribution of mean seasonal precipitation total, frequency, and intensity. 54 
Higher precipitation intensity but lower frequency and little change in annual precipitation total occurred. It 55 
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is likely that precipitation intensity has increased in all seasons, strongest in winter and spring, weakest in 1 
summer, and at a rate of about 1–3% per 1°C of air temperature increase (high confidence). Chernokulsky et 2 
al. (2019) connect the moderate increase in the total precipitation over the last five decades (1966 to 2016) 3 
with the increase of convective precipitation and the concurrent reduction of stratiform precipitation. For 4 
NEC, the CANGRD dataset indicates locally significant increases of 20–30% for the 1981–2010 period, but 5 
there is little consensus for increasing precipitation as multiple datasets analysed both for the 1981–2010 and 6 
longer 1950–2010 periods showed no consensus on trends (Rapaić et al., 2015).  7 
 8 
A type of event with major impact in the Arctic is rain on snow. For example, Hansen et al. (2014) examined 9 
the recent occurrence of such events in Svalbard and concluded that the frequency of rain-on-snow events is 10 
likely to increase in the Arctic (AMAP, 2017). Based on reanalyses, the trend in such events across the 11 
Arctic is mixed, i.e. region and season (autumn–winter) dependent (Cohen et al., 2015). In autumn, it is 12 
likely that an increasing trend of rain-on-snow events has been seen over North East Canada (NEC) and a 13 
decreasing trend over NEU (particularly Norwegian Arctic, Groisman et al., 2016). In winter, rain-on-snow 14 
trends show less coherence. Considering GIC, rain-on-snow events have increased over the south-western 15 
coast of Greenland where increased rainfall directly contributed to more rain-on-snow events (Cohen et al., 16 
2015). Further, Groisman et al. (2016) provided a long-term climatology of freezing rain and freezing drizzle 17 
events for the past four decades and assessed changes in the frequency and intensity of these events (e.g., by 18 
comparing the 2005–2014 period to the previous 30-year baseline period). In NEC, the frequency was likely 19 
found to increase by about 1 day yr–1. 20 
 21 
 22 
Atlas.5.9.2.3 Assessment of model performance 23 
Evaluating simulated temperature and precipitation is problematic and uncertain in the Arctic due to sparse 24 
observations, with relatively few weather stations that are only over land. This leads to inconsistencies 25 
between observational datasets. Precipitation estimates over the Arctic Ocean are particularly uncertain as  26 
they mainly rely on reanalyses or observationally-constrained products such as the merged gridded datasets 27 
combining gauge measurements and satellite estimates – such as GPCC (Global Precipitation Climatology 28 
Centre, Schneider et al., 2014), CMAP (CPC Merged Analysis of Precipitation, Xie and Arkin, 1996), GPCP 29 
(Global Precipitation Climatology Project, Adler et al., 2003) – which are not well constrained over the 30 
poorly observed Arctic Ocean. Reanalyses also suffer from sparse observations over the central Arctic and 31 
thus their precipitation estimates depends largely on the atmospheric model used, its resolution and 32 
parametrizations, and estimates for the Arctic can differ by more than 50% (Boisvert et al., 2018). A newer 33 
satellite products, CloudSat, has recently become available, but it could also be biased as it is very sensitive 34 
to light rain and snowfall (Behrangi et al., 2016). The lack of reliable precipitation observation datasets for 35 
the Arctic thus makes it likely impossible to evaluate objectively the skill of models to reproduce 36 
precipitation patterns (Takhsha et al., 2018). 37 
 38 
CMIP5 models reasonably reproduce the observed Arctic warming during the long 1900–2005 (Hao et al., 39 
2018) and 1900–2014 (Chylek et al., 2016) periods. The simulated mean (40 CMIP5 models) Arctic (north 40 
of 64°N) warming over the 1900–2014 period is 2.7°C compared to the observed values of 2.2°C (NASA 41 
GISS data smoothed using a 1200-km radius) or 1.7°C (using a 250-km smoothing radius) (Chylek et al., 42 
2016). However, a large inter-model difference in the simulated warming magnitudes is obvious and ranges 43 
from 1.2°C to 5.0°C. Although the CMIP5 models reasonably reproduce the observed warming over the past 44 
50 to 100 years, the spatial pattern is quite different from that of observations and reanalysis (Xie et al., 45 
2016; Franzke et al., 2017; Hao et al., 2018). The zonal mean temperature trends indicate that the CMIP5 46 
models overestimate the warming in the cold season over high latitudes in the northern hemisphere (Xie et 47 
al., 2016). Possible reasons are modelled sea surface temperature biases and an overestimated temperature 48 
response to the Arctic sea-ice decline. Furthermore, some models, which have a warm or weak bias in their 49 
Arctic temperature simulations, closely relate the Arctic warming to changes in the large-scale atmospheric 50 
circulation. In other models, which show large cold biases, the albedo feedback effect plays a more 51 
important role for the temperature trend magnitude. This stark difference in model biases might indicate that 52 
the dominant Arctic warming mechanism and trend may be dependent on the bias of the model mean state 53 
(Franzke et al., 2017). 54 
  55 
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Arctic CORDEX RCMs show adequate skills in capturing the warming patterns. Generally, the surface air 1 
temperature bias of the RCMs is a cold bias and largest in winter (Koenigk et al., 2015; Matthes et al., 2015; 2 
Hamman et al., 2016; Cassano et al., 2017; Brunke et al., 2018; Takhsha et al., 2018). However, the bias 3 
largely depends on the reference dataset that is used; the bias with respect to the CRU dataset is twice that 4 
with respect to the UDEL dataset (Takhsha et al., 2018). Arctic Ocean biases are smaller in simulation using 5 
RCM downscaling approaches than in CMIP5 models in all seasons (Koenigk et al., 2015). Cassano et al. 6 
(2017) showed a large sensitivity of the simulated surface climate to changes in atmospheric model physics. 7 
In particular, large changes in radiative flux biases, driven by changes in simulated clouds, lead to large 8 
differences in temperature and precipitation biases. CORDEX models simulate Arctic annual temperature 9 
trends of 0.40°C per decade over the 1979–2014 period which are less than that from ERA-Interim (0.55°C 10 
per decade) and station observations (0.60°C per decade) (Zhou et al., 2019). The maximum temperature 11 
trend of 2°C per year during the 2003–2012 period over the Kara and Barents Seas in March is well captured 12 
(Kohnemann et al., 2017).  13 
 14 
CMIP5 models perform well in simulating 20th-century snowfall for the northern hemisphere, although there 15 
is a positive bias in the multi-model ensemble relative to the observed data in many regions (Krasting et al., 16 
2013). Lack of sufficient spatial resolution in the model topography has a serious impact on the simulation of 17 
snowfall. The patterns of relative maxima and minima of snowfall, however, are captured reasonably well by 18 
the models. The magnitude of annual snowfall is in better agreement over the eastern half of North America 19 
(coincides with the relatively flat terrain and a higher density of stations that allow the capture the regional 20 
variations of snowfall), while the largest absolute errors are found in the western part of the continent 21 
(consistent with the coarse representation of the Rocky Mountains in the models as well as with biases that 22 
may be present in the observational data) (Krasting et al., 2013). Over Eurasia, the snowfall maximum in the 23 
central plateau of Siberia is significantly over-estimated by the models by as much as 250–300 cm. 24 
  25 
Arctic CORDEX RCMs reproduce the dominant features of regional precipitation pattern, including the 26 
precipitation magnitude and seasonal cycle, as for example shown in the Regional Arctic System Model 27 
(RASM1; Hamman et al., 2016). Due to the higher spatial resolution, the RCM simulates larger amounts of 28 
orographic precipitation compared to reanalyses. Overall, the simulated precipitation is within the reanalysis 29 
and global model (CESM1) ensemble spread, but the Arctic river basin precipitation compares better to 30 
observations (Brunke et al., 2018). However, Takhsha et al. (2018) show that the RCMs precipitation bias 31 
highly depends on the observational reference dataset used. Glisan and Gutowski (2014) showed the 32 
capability of RCMs to reproduce extreme daily precipitation over the western Arctic in summer. Although 33 
the models underestimate extreme precipitation amounts and simulate fewer high-intensity precipitation 34 
events compared to the station observations, the spatial patterns and interannual variability are roughly 35 
equivalent to the observations. Years with the highest and lowest occurrences of observed extreme events are 36 
simulated well. 37 
 38 
Annual mean precipitation of ensemble global atmospheric simulations with a high horizontal resolution (60 39 
km) agrees well with the observed precipitation maximum over the Greenland Sea and the Norwegian Sea 40 
(Kusunoki et al., 2015). The regional average annual precipitation according to the model is 1.1 mm, which 41 
is larger than the observed value of 0.88 mm. This positive bias of 22% is partly due to model overestimates 42 
of precipitation in the North Pole region, where observations show a local minimum. The spatial correlation 43 
coefficient between observations and simulations is as high as 0.84. Excessive precipitation over Alaska and 44 
the western Arctic is consistent with the results of Kattsov et al. (2017), but in this later study the bias over 45 
the eastern Arctic and the Norwegian/Barents Sea region is opposite to the results of Kattsov et al. (2007). 46 
These differences in the bias distribution can be attributed to differences in models used and in the time 47 
periods of the analyses. 48 
  49 
An ensemble of global atmospheric simulations with high horizontal resolution have been used to evaluate 50 
extreme precipitation. The simulations reproduce Simple Daily Precipitation Intensity Index (SDII; defined 51 
as the total annual precipitation divided by the number of rainy days) over the Greenland Sea, but 52 
underestimate precipitation over other regions (Kusunoki et al., 2015). Arctic average SDII from the model 53 
is 8% smaller than the observed value, a difference which originates from the overestimated number of rainy 54 
days and indicates that the model tends to predict too many weak rainfall events. The spatial correlation 55 
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coefficient between observations and the simulations is 0.68. Furthermore, the model reproduces the 1 
observed maximum 5-day precipitation total (R5d) distribution reasonably well but overestimates it around 2 
Svalbard. The Arctic-averaged R5d from the model shows a positive bias of 17% and the spatial correlation 3 
coefficient between observations and the simulation is 0.69. 4 
 5 
 6 
Atlas.5.9.2.4 Assessment and synthesis of projections 7 
 8 
[START Figure Atlas.48: HERE]  9 
 10 
Figure Atlas.48: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 11 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 12 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 13 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 14 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 15 
over this period.    16 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 17 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 18 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 19 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 20 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 21 
2018).  22 
(g–k) Regional mean changes in annual mean surface air temperature and precipitation for the five 23 
Arctic regions (ARO, RAR, GIC, NEC and NWN). The top row shows the median (dots) and 10th–24 
90th percentile range across each model ensemble for annual mean temperature changes, for two 25 
datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first 26 
four bars represent the additional warming projected relative to the historical baseline 1995–2014 27 
period to reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six 28 
projected changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 29 
2081–2100) compared to this same historical baseline period. The bottom row shows scatter diagrams 30 
of temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 31 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 32 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-33 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.   34 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 35 
be generated in the Interactive Atlas for flexibly defined seasonal periods.)    36 

 37 
[END Figure Atlas.48: HERE] 38 
 39 
 40 
Projections from 40 CMIP5 models of the 2014–2100 Arctic (north of 64°N) annual warming under RCP4.5 41 
emissions vary from 0.9°C to 6.7°C, with a multi-model mean of 3.68°C (Chylek et al., 2016). The largest 42 
warming is simulated over the Barents Sea. Climate models with fully interactive aerosol-cloud interactions 43 
lead to projections of a warmer Arctic. Arctic warming trends projected by models that include a full direct 44 
and indirect aerosol effect (‘fully interactive’) are significantly higher (the mean projected Arctic warming is 45 
about 1.5°C higher) than those projected by models without a full indirect aerosol effect (Chylek et al., 46 
2016).  47 
 48 
Projected Arctic warming exhibits a very pronounced seasonal cycle, with exceptionally strong warming in 49 
the winter. In projections from 30 CMIP5 models, winter warming over the Arctic Ocean varies regionally 50 
with 3°C–5°C by the mid-century and 5°C–9°C by the late century under RCP4.5 (AMAP, 2017). Averaged 51 
over the Arctic (60–90°N) and based on 36 CMIP5 models, winter warming is 5.8 ± 1.5°C by the mid-52 
century and 7.1 ± 2.3°C by 2100 under RCP4.5 (Overland et al., 2019) and exceptionally strong warming of 53 
up to 14.1 ± 2.9°C is projected in December under RCP8.5 with more moderate warming during the summer 54 
(Bintanja and Krikken, 2016). Bintanja and Van Der Linden (2013) also estimated the Arctic winter 55 
warming over the 21st century to exceed the summer warming by at least a factor of four, irrespective of the 56 
magnitude of the climate forcing. Averaged over the Arctic (70–90°N) projected warming increases linearly 57 
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with about 0.78°C per 1% reduction in sea-ice concentration until temperature changes of about 10°C 1 
(Koenigk et al., 2015). For further ice concentration reductions, the temperature response gets slightly 2 
smaller (0.48°C per 1% ice concentration reduction). 3 
  4 
Overland et al. (2014) highlighted the difference between the near-term ‘adaptation timescale’ and the long-5 
term ‘mitigation timescale’ for the Arctic (60–90°N). Only in the latter half of the century do the projections 6 
under RCP4.5 and RCP8.5 emissions noticeably separate. End-of-the-century warming is approximately 7 
twice as large under RCP8.5 demonstrating the impact of the lower emissions under RCP4.5 (AMAP, 2017). 8 
More specifically under the strong forcing scenario, annual mean surface air temperatures in the Arctic (70–9 
90°N) is projected to increase by 8.5 ± 2.1°C (model-mean value and inter-model standard deviation) over 10 
the course of the 21st century (Bintanja and Andry, 2017). Koenigk et al. (2015) show that the end-of-the-11 
century warming (2080–2099 period relative to 1890–1999 period) can exceed 15°C in autumn and winter 12 
over the Arctic Ocean. 13 
 14 
Projections averaged over the four best-performing CMIP5 models over the Arctic are for annual mean 15 
surface air temperature to warm 4.1°C, 5.7°C, and 10.6°C by 2100 compared to the 1951–1980 period under 16 
RCP2.6, RCP4.5 and RCP8.5 respectively (Hao et al., 2018). The largest annual warming is simulated over 17 
the Arctic Ocean with CMIP5 ensemble median projections for Svalbard of about 10°C for RCP8.5 and 7°C 18 
(van der Bilt et al., 2019). Projected temperatures show strongest increase over northern Fennoscandia and 19 
the high Arctic, exceeding 7°C by end of the 21st century for a typical ‘warm winter’ under RCP4.5, and 20 
much stronger warming under RCP8.5 with increases exceeding 18°C in some places (Benestad et al., 2016).  21 
  22 
The ensemble of CMIP6 (15-17 models depending on the scenario) shows generally greater warming 23 
compared to CMIP5 (Figure Atlas.48:). There is weak agreement among the models in projected temperature 24 
change over the Arctic North Atlantic under SSPs until the mid-century (Figure Atlas.48:), but a robust 25 
warming signal clearly emerges even there by 2100. Generally, the largest annual warming is simulated over 26 
the Arctic Ocean, particularly over the Barents Sea (Figure Atlas.48:). 27 
 28 
Future warming in CORDEX RCMs and the CMIP5 models are similar. Koenigk et al. (2015) show that the 29 
RCM warming over the Arctic Ocean is smaller, while the warming over land is larger in winter and spring 30 
but smaller in summer, compared with CMIP5.  31 
   32 
The CMIP5 multi-model mean projected precipitation increase in the Arctic is in the order of 50% under 33 
RCP8.5 by the end of 21st century, which is among the highest globally (Bintanja and Selten, 2014). Over 34 
70–90°N, the precipitation increase is 61.9 ± 20.5% and 56.4 ± 13.2% for RCP4.5 and RCP8.5 respectively. 35 
In the near future (2030 to 2049), this corresponds to an increase of 2–10 mm per month and substantially 36 
more for the Barents Sea (up to 50 mm per month) under RCP8.5, and the increase is expected to continue 37 
until the end of the century (Koenigk et al., 2015). For ARCO (Svalbard), van der Bilt et al. (2019) estimate 38 
the increase in annual precipitation by 2100 to be about 65% for RCP8.5 and 45% for RCP4.5 (CMIP5 39 
ensemble median). However importantly, the simulated Arctic (70–90°N) precipitation increase varies by a 40 
factor of three to four between models (Bintanja and Selten, 2014). The projected increase is strongest in late 41 
autumn and winter. 42 
  43 
The CMIP6 projections confirm precipitation will likely increase almost everywhere in the Arctic (Figure 44 
Atlas.48:). The largest increase is simulated over the Barents Sea and Chukchi Sea regions, and over 45 
northeast Greenland. A pronounced uncertainty in the projection exists over the Arctic North Atlantic and 46 
south Greenland. There, the precipitation signal is not significant even by the end of the 21st century and 47 
under strong scenarios (RCP8.5, SSP5-8.5). According to the generally higher warming in CMIP6, compared 48 
to CMIP5, the projected precipitation increase is higher in CMIP6. 49 
 50 
The increase in Arctic mean annual-average precipitation sensitivity has been estimated at 4.5% per 1°C 51 
temperature rise, compared to a global average of 1.6–1.9% per 1°C temperature rise (Bintanja and Selten, 52 
2014) based on a set of 37 CMIP5 GCMs. Koenigk et al. (2015) stress the different precipitation sensitivity 53 
in winter (0.8 mm per month per 1°C temperature rise) and summer (2 mm per month per 1°C temperature 54 
rise), based on RCM downscaling of four CMIP5 models. Dobler et al. (2016) support the high precipitation 55 
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sensitivity for the projected temperature changes. Relative and absolute sensitivities following the RCP8.5 1 
scenario show the biggest increases along the Norwegian west coast in summer and autumn. Relative 2 
sensitivity is about 4% per 1°C temperature rise in the Barents area. The pattern and amplitude of 3 
precipitation changes agree in CORDEX simulations with their driving CMIP5 models (Koenigk et al., 4 
2015). However, more small-scale variations over land and coastlines and significantly larger precipitation 5 
changes in summer are obvious in the downscaling. 6 
 7 
Rain is projected to become the dominant form of precipitation in the Arctic region by the end of the 21st 8 
century. CMIP5 models show a decrease in annual Arctic (70–90°N) snowfall under both RCP4.5 and 9 
RCP8.5 (Krasting et al., 2013; Bintanja and Andry, 2017). In the central Arctic (north of 80°N), the snowfall 10 
fraction barely remains larger than 50%, with only Greenland still having snowfall fractions larger than 80% 11 
(Bintanja and Andry, 2017). The most dramatic reductions in snowfall fraction are projected to occur over 12 
the North Atlantic and especially the Barents Sea, associated with the large warming there. The reduction in 13 
Arctic snowfall is expected to be most pronounced during summer and autumn when temperatures would be 14 
close to the melting point, but winter rainfall is also projected to intensify considerably. CORDEX 15 
simulations project a general increases of rain-on-snow events over the NEC region (north of the future 16 
freezing line) during the November–May period for both RCP4.5 and RCP8.5 (Jeong and Sushama, 2018).  17 
 18 
 19 
Atlas.5.10 Case studies relevant to typological domains 20 
 21 
The previous material in this section has focused on climate change over large mainly continental land 22 
regions, with the exception of the Polar Arctic (a significantly oceanic domain) and Small islands. This is in 23 
alignment with the regional chapters in the AR6 WGII report but does not comprehensively cover all 24 
possible types of domains which is acknowledged in the WGII report which also contains Cross Chapter 25 
Papers entitled Biodiversity hotspots (land, coasts and oceans); Cities and settlements by the sea; Deserts, 26 
semi-arid areas and desertification; Mediterranean region; Mountains; Polar regions; Tropical forests. This 27 
section then describes examples of generating climate change assessments relevant to these typological 28 
domains in three cases studies relevant to the Mountains and Polar regions cross-chapter papers. The first 29 
looks at observed and projected climate change in the Hindu Kush Himalaya (HKH) and the Tibetan plateau 30 
and the others at two important features of Arctic climate. 31 
 32 
 33 
Atlas.5.10.1 Mountains: The Hindu Kush Himalaya (HKH) 34 
 35 
Regional executive summary 36 
 37 
The glacier mass is likely to decrease considerably (nearly 50%) under RCP 4.5 and 8.5 scenarios while 38 
the snowmelt is higher in central and eastern Himalaya than western Himalaya. Karakoram glaciers are in 39 
approximately balanced state, however elevation dependent warming is evident over the HKH region (high 40 
confidence). {Atlas.5.10.1.4} 41 
 42 
Minimum temperatures are increasing more than maximum temperatures with high values for winter 43 
temperatures (high confidence). The sparseness of observational data is a major source of uncertainty in 44 
the estimates of long-term trends of mean and extreme climatic indices in the HKH. {Atlas.5.10.1.2}  45 
 46 
Heavy precipitation events will intensify in future, which may cause more Glacial Lake Outburst 47 
Flood (GLOF events) (medium confidence). It is likely that annual mean precipitation will increase in the 48 
future with most of the increase coming from winter precipitation (medium confidence). {Atlas.5.10.1.4} 49 
 50 
 51 
Atlas.5.10.1.1 Key features of the regional climate and findings from previous assessments 52 
Key features of the regional climate 53 
 54 
The climate is mostly alpine over the Himalaya but varies within HKH significantly with snow-capped 55 
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higher elevations to tropical/subtropical climates at lower slopes (Krishnan et al., 2019a). The HKH climate 1 
modulates the global weather patterns by serving as a heat source in summer and heat sink in winter. The 2 
HKH and the elevated Tibetan Plateau exert significant influence on the Asian summer monsoon system. 3 
The HKH is sensitive to climate change and variability (Krishnan et al., 2019). The atmospheric features of 4 
the region are influenced by three distinct weather systems, known as westerly storms, summer monsoon and 5 
anticyclonic clear weather conditions (Bashir et al., 2017). 6 
 7 
Previous findings from IPCC assessments 8 
 9 
In 2007, the Intergovernmental Panel on Climate Change (IPCC’s) Fourth Assessment Report (Pachauri and 10 
Reisinger, 2007) pointed to the lack of consistent long-term monitoring in the HKH. Little progress was 11 
made in the HKH by the time of the IPCC’s Fifth Assessment Report (Pachauri and Meyer, 2014). The 12 
precipitation is not simulated well at regional scales by global climate models used in CMIP5 experiments 13 
for the IPCC Assessment Report 5 (AR5), and the assessment is hampered by observational uncertainties 14 
(Flato et al., 2013). The AR5 highlights that the projected changes in the water cycle at regional scale will be 15 
strongly influenced by natural internal variability and may be affected by anthropogenic aerosol emissions. 16 
The monsoon winds are likely to weaken, however the monsoon precipitation is likely to intensify due to the 17 
availability of more moisture in the atmosphere (Krishnan et al., 2013; KITOH, 2017). The HKH region is 18 
projected to warm over the 21st century based on the analyses performed on future projections of annual 19 
mean surface temperature change relative to 1976–2005, based on a CMIP5 multi-model ensemble mean (a 20 
subset of 25 models), which are higher than the likely ranges reported for global and South Asian regions by 21 
the recent IPCC assessment. They indicate continuous warming over the entire HKH in the 21st century. 22 
SR1.5 says that the risks from heavy precipitation events are projected to be higher at 2°C compared to 23 
1.5°C of global warming in several northern hemisphere high-latitude and/or high-elevation regions (medium 24 
confidence). 25 
 26 
 27 
Atlas.5.10.1.2 Assessment and synthesis of observations, trends and attribution 28 
The topographic variations, the annual cycle of seasons, and variability of weather patterns have strong 29 
controls on the spatial pattern of temperatures across different geographic regions of the HKH  (Hasson et 30 
al., 2014; Kapnick et al., 2014; Krishnan et al., 2019a). The HKH has seen significant warming in the past 31 
decades nearly equal to the global average (Krishnan et al., 2019a). The annual mean surface air temperature 32 
has increased significantly in the HKH at a rate of about 0.1 °C per decade during 1901–2014, with larger 33 
change of more than 0.2°C per decade in the Tibetan Plateau (TP) and southern Pakistan (Ren et al., 2017a). 34 
The annual mean temperature in the Tibetan Plateau (TP) is warming at a rate of 0.316°C per decade during 35 
1961–2012 (Yan and Liu, 2014), which is almost twice the previous estimate for 1955–1996 period by Liu 36 
and Chen (2000). The observed annual and winter mean temperatures at high elevation sites (>2,000 m) of 37 
the eastern TP have increased at a rate of about 0.42°C per decade and 0.61°C per decade respectively during 38 
1961–2006, while the low-elevation sites (<500 m) have warmed at a rate of about 0.2°C per decade during 39 
the same period (Liu et al., 2009).  40 
 41 
The variability of seasonal weather patterns together with the confluence of different mountain ranges makes 42 
the topography of the HKH region so complex that the relationship between rainfall and topography is 43 
poorly defined (Palazzi et al., 2013). These complexities had posed difficulties in discerning precipitation 44 
trends within the HKH in recent decades though using satellite rainfall estimates, reanalyses, and gridded in 45 
situ rain gauge data they assessed that the observed summer monsoon precipitation in Himalaya is 46 
decreasing significantly (Palazzi et al., 2013).  47 
 48 
The datasets used for the study of seasonal mean temperature and precipitation over the Himalayan region 49 
are gridded datasets CRU and APHRODITE, which have been used by regional climate modelling, model 50 
evaluation and inter comparison studies, e.g., CORDEX South Asia (Latif et al., 2017; Sanjay et al., 2017b; 51 
Choudhary and Dimri, 2018b; Ghimire et al., 2018; Nengker, T.; Choudhary, A.; Dimri, 2018). Monthly and 52 
daily pre-1950 data are lacking for most parts of the HKH, and the gap is particularly large for areas outside 53 
of India. The daily data post-1950 are also insufficient in some areas, including Afghanistan, Pakistan, 54 
Myanmar, Bhutan, and Nepal, and the north-western part of the Tibetan Plateau (TP). The sparseness of 55 
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observational data is the major source of uncertainties in the estimates of long-term trends of mean and 1 
extreme climatic indices in the HKH. In addition, major uncertainty with the estimates of extreme 2 
temperature trends comes from the systematic bias of the historical temperature data series caused by 3 
urbanization (Wester et al., 2019). 4 
 5 
Observation data ranging from 1980–2016 obtained from 46 weather stations in Nepal showed an increase in 6 
maximum temperature (~0.04°C yr-1) that is higher than the minimum temperature (~0.02°C yr-1). This trend 7 
is more prevalent over the mountainous region than in valleys and lowlands and during the pre-monsoon 8 
season than for the rest of the year. A consistent higher increasing trend for warm days (13 days per decade) 9 
than for warm nights (4 days per decade) is observed, whereas the rates of decrease for cold days and cold 10 
nights are the same (6 days per decade). Less snowfall and cloud coverage are attributed for this trend, which 11 
cause positive geopotential height anomalies and strengthens the anticyclonic circulations in the mid-to-12 
upper troposphere. The winter cooling is attributed to the stable lower atmosphere causing prolonged and 13 
frequent periods of fog over lowlands regions (Karki et al., 2019). 14 
 15 
Figure Atlas.49: shows changes and trends relative to 1980–2014 period in temperature (a) and precipitation 16 
(b) from three different data sets over south and central Asia that covers the HKH region. There is a 17 
widespread significant warming trend over the HKH, especially in the Tibetan Plateau, of about 0.3–0.4°C 18 
per decade.  Changes in precipitation, however, are less spatially coherent with a mix of decreasing and 19 
increasing trends in rainfall over the region that are not statistically significant. 20 
 21 
 22 
Atlas.5.10.1.3 Assessment of model performance 23 
The CMIP5 models used in IPCC AR5 were able to simulate the 20th century mean annual cycles of 24 
temperature and precipitation in the eastern and western Himalayan sub-regions within the HKH (Panday et 25 
al., 2015). However these coarse resolution global models showed large spread in capturing the weather 26 
station based observational precipitation regimes as they were not able to resolve fine-scale processes and 27 
represent the complex topography in the western Himalayas. Hence these climate models could not 28 
realistically simulate the reductions in mean annual temperature observed across stations in the western 29 
Himalayas (Panday et al., 2015). As the horizontal resolution of GCMs increased to ~50km, the spatial 30 
pattern of rainfall along the southern edge of the Himalayas became more realistic and the overestimation of 31 
light rainfall over the Tibetan Plateau also reduced (Li et al., 2016).  32 
 33 
Higher resolution (50 km) dynamical downscaling in CORDEX over South Asia using regional climate 34 
models (RCMs) with improved topographic representation of the HKH region are expected to better resolve 35 
the complexities of the monsoon and other hydrological processes at regional scales. The CORDEX South 36 
Asia multi-RCM ensemble does exceptionally well in capturing the spatial patterns of temperature 37 
climatology over Himalayas for the present (Dimri et al., 2018b). These downscaled high resolution RCM 38 
simulations were also able to show added value relative to their driving CMIP5 GCM simulations in a few 39 
aspects for the HKH such as the spatial pattern of temperature during summer monsoon and winter season 40 
and its changes over the Himalayan water towers in the Indus, Ganges, and Brahmaputra river basins 41 
(Mishra, 2015c), and the climatology of temperature and precipitation seasonality over Himalayan 42 
watersheds of the Indus basin (Hasson et al., 2019b).  Further, the CORDEX RCMs reliably capture the 43 
overall increasing trend of surface temperature variations over the South Asian region (Sanjay et al., 2017a) 44 
with varying magnitude across regions, seasons, averaging periods and scenarios. 45 
 46 
CORDEX South Asia RCM simulations, however, still show cold bias when compared to the driving CMIP5 47 
GCMs over the Himalayas water towers and tend to overestimate the total precipitation in the HKH sub-48 
regions during the summer monsoon and winter seasons (Choudhary and Dimri, 2018; Ghimire et al., 2018; 49 
Mishra, 2015; Nengker, T.; Choudhary, A.; Dimri, 2018; Sanjay et al., 2017). Over the Indus Basin (Jhelum, 50 
Kabul and upper Indus basin), results showed that the downscaled RCMs and their driving CMIP5 51 
experiments consistently feature low fidelity in terms of the chosen skill metrics, suggesting substantial cold 52 
(6–10°C) and wet (up to 80%) biases and underestimation of observed precipitation seasonality (Hasson et 53 
al., 2019c) and showed uncertainty for far future climate projection under the RCP8.5 scenario. The biases of 54 
both RCMs and of their driving CMIP5 GCMs were higher in magnitude than the projected changes under 55 
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the RCP8.5 scenario by the end of 21st century, indicating uncertain future climates for the Indus Basin 1 
watersheds. 2 
 3 
 4 
Atlas.5.10.1.4 Assessment and synthesis of projections 5 
The assessment of future temperature changes over HKH indicated that CORDEX multi-RCMs provided 6 
relatively better confidence than their driving CMIP5 GCMs in projecting the magnitude of seasonal 7 
warming for the hilly sub-region within the Karakoram and north-western Himalaya. The projected 8 
temperature change (5.4°C ) is higher during winter (December to February) than during summer monsoon  9 
(June-September) season (4.9°C) by the end of 21st century under the RCP8.5 high emissions scenario  10 
(Sanjay et al., 2017c, 2017d). However, less agreement was found among these RCMs on the magnitude of 11 
future warming over other hilly sub-regions within the HKH for both seasons. In particular, there is higher 12 
RCM uncertainty in the climate projections over the hilly parts of central Himalaya. Over the Indian 13 
Himalayan region, an assessment of future temperature changes in four CORDEX RCMs indicated 14 
statistically significant strong rates of warming (increasing with intensification of greenhouse gas emission 15 
RCP scenarios) of about 0.03–0.09°C per year (Dimri et al., 2018a), but with large spatial variations and 16 
inter-model spread (medium confidence). Further, there is a higher warming rate (0.23–0.52°C per decade) 17 
for both minimum and maximum air temperature (Tmin and Tmax) along with the diurnal temperature range 18 
(DTR) predominated by rise of the Tmax as compared to Tmin (Dimri et al., 2018b) over the region under 19 
both RCP4.5 and RCP8.5 scenarios. Overall temperature across the mountainous HKH will increase by 20 
about 1–2°C (and in some places by up to 4–5°C) by 2050 (Shrestha et al., 2015) and will increase up to 5.5 21 
± 1.5 °C by the end of the 21st century. For RCP4.5 this change will be 2.5 ± 1.5 ° C (van Vuuren et al., 22 
2011).  23 
 24 
Results from the CMIP5 models suggest that the projected changes in the surface mean temperature over the 25 
HKH are larger compared to the global mean change by the end of the 21st century. The projected warming 26 
differs by more than 1°C between the eastern and western HKH, with relatively higher values in winter 27 
(Sanjay et al., 2017b). The projected temperature changes with RCP4.5 and RCP8.5 scenarios for time slices 28 
of 2036–65 and 2066–95 relative to 1976–2005 in three HKH subregions suggest that during summer 29 
(winter) relatively higher (lower) warming will occur over the hilly regions of the north-western Himalaya 30 
and Karakoram (HKH1) than in the central Himalaya (HKH2) and south-eastern Himalaya and TP (HKH3) 31 
(Wester et al., 2019). In general, future projections of surface temperature from the CMIP5 models and 32 
CORDEX RCM seem to agree on the overall warming trends over the HKH region with differences in 33 
magnitude (Wester et al., 2019). 34 
 35 
The summer monsoon precipitation will intensify by about 22% in the hilly sub-region within the south-36 
eastern Himalaya and Tibetan Plateau for the far-future period under the RCP8.5 scenario (Krishnan et al., 37 
2019b). CMIP5 GCM projections for RCP4.5 and RCP8.5 scenarios show summer monsoon rainfall increase 38 
over the Himalayas (Palazzi et al., 2015). Three different hydrological models tested over snow and glacier-39 
covered river basins of Hunza-, Gilgit- and Astore using CORDEX RCM-simulations for future scenarios 40 
showed an increase in precipitation but decline in intensity of rise over high-altitude zones, for the period 41 
2071–2099 (2090s) under the RCP8.5 scenario with significant increase in snow- glacier-melt runoff and 42 
precipitation runoff in the Hunza-, Gilgit- and Astore-River basins, respectively (Azmat et al., 2019). 43 
Another result from a regional climate model (PRECIS) over a river basin scale (Indus Basin) did not show 44 
any trends in precipitation changes in the future in the western HKH (Rajbhandari et al., 2015). However, in 45 
the eastern Himalaya (Koshi Basin), for both RCP4.5 and RCP8.5 scenarios, a 10–20% increase in rainfall 46 
during the summer monsoon and about a 5% increase in the winter season over the trans-Himalayan part of 47 
the basin was observed (Rajbhandari et al., 2016). Unlike temperature, the precipitation response to climate 48 
change over the HKH region is subject to larger uncertainties both in the CMIP5 and CORDEX models 49 
(Dimri et al., 2018; Hasson et al., 2013, 2015; Mishra, 2015a; Sanjay et al., 2017b). The CORDEX RCM, in 50 
particular, still have inherent limitations in reproducing the observed characteristics of the summer monsoon 51 
rainfall variability (Singh  et al., 2017), and future projections of precipitation extremes are unresolved, both 52 
across studies and across regions (Palazzi et al., 2013).   53 
  54 
Figure Atlas.49: show projected changes in temperature (c,e) and precipitation (d,f) over the HKH region  55 
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calculated as the climatology differences for medium-term (2041–2060) periods for the scenario RCP8.5 1 
(SSP5-8.5 for CMIP6) with regards to the historical (1986–2005). Warming over the region will continue to 2 
increase significantly and temperatures will increase by as much as 2.5–3°C, especially in the TP, by mid- 3 
century in both CMIP5 and CMIP6. Precipitation is projected to increase over the TP by as much 20–25% 4 
with strong model agreement within members of the ensemble for both scenarios.   5 
 6 
 7 
[START Figure Atlas.49: HERE] 8 
 9 
Figure Atlas.49: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 10 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 11 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 12 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 13 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 14 
over this period.   15 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 16 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 17 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 18 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 19 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 20 
2018).  21 
(g–h) Regional mean changes in annual mean surface air temperature and precipitation for the Tibetan 22 
Plateau and South Asia. The top row shows the median (dots) and 10th–90th percentile range across 23 
each model ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) 24 
and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the 25 
additional warming projected relative to the historical baseline 1995–2014 period to reach the two 26 
global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three 27 
time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 28 
same historical baseline period. The bottom row shows scatter diagrams of temperature against 29 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 30 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 31 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 32 
are absolute for temperature and relative for precipitation.  33 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 34 
be generated in the Interactive Atlas for flexibly defined seasonal periods.)  35 

 36 
[END Figure Atlas.49: HERE] 37 
 38 
 39 
Atlas.5.10.2 Polar regions: glaciers in the Arctic 40 
 41 
Atlas.5.10.2.1 Background and overall conditions  42 
Glaciers in the Arctic, including Greenland, are located in remote and hard-to-get-to places where continuous 43 
measurements are both physically difficult and expensive to maintain. With the increased use of satellite and 44 
newly available remote sensing data, the observational dataset for glaciers is becoming more detailed and 45 
new inventories that gather the monitoring efforts are enabling leaps in the state of knowledge of glaciers. 46 
The coming few years will see huge improvements in monitoring of glaciers in the Arctic and in the world. 47 
The data presented in AR6 are made available in open access from Global Terrestrial Network for Glaciers 48 
(GTN-G), which provides an umbrella for existing and operational monitoring services and is jointly run by 49 
three operational bodies – the World Glacier Monitoring Service (WGMS), the US National Snow and Ice 50 
Data Center (NSIDC), and the Global Land Ice Measurements from Space (GLIMS) initiative.  51 
 52 
The WGMS and its predecessor organizations have internationally coordinated glacier monitoring since 53 
1894, resulting in an unprecedented database on glacier changes in length, area, volume and mass with the 54 
longest time series reaching back to the 16th century (Zemp et al., 2015; WGMS, 2017). Since IPCC AR5, 55 
the glacier mass-balance dataset from geodetic surveys has been boosted from a few hundred to almost 56 
20,000 glaciers with available observations (Zemp et al., 2015, 2019). An inventory of digital global glacier 57 
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outlines called the Randolph Glacier Inventory (RGI) was developed to inform the AR5 and facilitate 1 
assessment of past and future mass evolution of glaciers in the world (Pfeffer et al., 2014; RGI Consortium, 2 
2017). GLIMS and RGI have been fundamental in gathering global inventories of glacier outlines. In AR6, 3 
version 6.0 of the RGI inventory is used, yielding high confidence that the current area of the glaciers is 706 4 
± 30 x 103 km2 (Chapter 9, Section 9.5.1.1, Table 9.4). 5 
 6 
Several new data sources and access to archives of old satellite and remote sensing data have become 7 
available for assessing both changes in area and elevation of glaciers and ice caps. For elevation changes and 8 
geodetic mass-balance estimates, a number of new or recently made available data sources are used. This 9 
includes archived aerial photographs; declassified satellite photoreconnaissance missions from the 1960–10 
1984 period; Hexagon KH-9 Mapping Camera images (e.g. Bindschadler and Vornberger, 1998; Surazakov 11 
and Aizen, 2010); optical stereo-imagery that includes ASTER (Raup et al., 2007; Brun et al., 2017), SPOT 12 
(Zheng et al., 2018), CryoSat2 (Foresta et al., 2018), High-Resolution SAR Interferometry, like TanDEM-X 13 
(Krieger et al., 2007; Braun et al., 2019); and high-resolution digital elevation models with submeter 14 
uncertainty from Lidar, Pleiades (Berthier et al., 2014), Worldview (Shean et al., 2016) and Arctic DEM 15 
(Porter et al., 2018). This is a breakthrough in both spatial and temporal resolution that will revolutionize 16 
monitoring of glaciers in the coming years. Increase in computational power and the use of large-scale batch 17 
processing, like the Ames Stereo Pipeline (Shean et al., 2016), are allowing for the assessment of glacier 18 
elevation changes at continental or large mountain range scales (Brun et al., 2017; Braun et al., 2019). 19 
 20 
 21 
Atlas.5.10.2.2 Glacier volume thus sea level change 22 
To estimate the total volume and thus the sea-level equivalent mass of the glaciers in the Arctic and globally, 23 
the thickness of all the glaciers needs to be known. A standardised database of glacier thickness (GlaThiDa, 24 
containing observations from roughly 1,100 glaciers, (Gärtner-Roer et al., 2014; GlaThiDa Consortium, 25 
2019) is used to validate the global estimation approaches which come with large uncertainties (median 26 
relative absolute deviation of around 30%) and a tendency to overestimate the glacier thickness. Since AR5, 27 
a coordinated effort to assess the quality of glacier thickness estimates has been made in the framework of 28 
the Ice Thickness Models Intercomparison Experiment (ITMIX; Farinotti et al., 2017). Only a few models 29 
are currently capable of operating on an Arctic and global scale, and the differences in the results of the 17 30 
models assessed in ITMIX highlight the importance for an internationally consistent database against which 31 
models can be calibrated and validated (Farinotti et al., 2017). A consensus estimate of world’s glaciers 32 
thicknesses made from five models of variable spatial extent  (Huss and Farinotti, 2012; Frey et al., 2014; 33 
Fürst et al., 2017; Ramsankaran et al., 2018; Maussion et al., 2019) indicates that there still remains a large 34 
uncertainty in the estimated thickness and subsequent sea-level contribution, due to both model uncertainty 35 
and input data (Farinotti et al., 2019). This new estimate of the thickness of all glaciers in the Arctic and the 36 
world and thereby their volume is presented in Chapter 9.  37 
 38 
The continued synthesis of ever-longer time series from multi-platform observations and combined datasets 39 
is rapidly improving understanding of the present and past cryosphere. Focusing on the Earth’s ice masses, 40 
including glaciers in the Arctic, several studies (e.g., Bamber et al., 2018; Box et al., 2018; Shepherd et al., 41 
2018, 2019; Zemp et al., 2019) integrate and assess estimates from gravity, altimetry and mass change 42 
measurements. These new syntheses are able to reduce uncertainties and provide clearer insights into 43 
interannual and decadal trends. 44 
 45 
 46 
Atlas.5.10.2.3 Assessment and synthesis of observations, trends and attribution 47 
While temperatures in the Arctic have warmed considerably, datasets show that Greenland, as well as the 48 
ocean south of it, have cooled over the last 15 years (Susskind et al., 2019). This cooling over Greenland is a 49 
relatively recent phenomenon. However, McGrath et al. (2013) showed that previous in situ measurements at 50 
Greenland Summit suggested that the annual mean near-surface air temperature had increased by 0.9 ± 0.1 51 
°C per decade from 1982 to 2011. The long-term weather data over west Greenland show that since 1994 52 
mean June air temperatures are 2.2°C higher and mean winter precipitation has doubled from 21 to 40 mm; 53 
and since 2006, mean July air temperatures are 1.1°C higher (Saros et al., 2019). 54 
 55 
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The summer air temperature ‘viability threshold’ that triggers irreversible wastage of the Greenland ice sheet 1 
was previously estimated to be for an annual global temperature increase of 2°C–5°C (Gregory and 2 
Huybrechts, 2006; Huybrechts et al., 2011). An updated estimate based on a higher-resolution simulation 3 
that explicitly incorporates albedo and elevation feedbacks suggests a lower loss threshold: 0.8°C–3.2°C 4 
(95% confidence range) with 1.6°C above pre-industrial conditions as a best estimate implying it is likely 5 
that the Greenland ice sheet enters a phase of irreversible loss under the RCP4.5 scenario (Overland et al., 6 
2019). 7 
 8 
 9 
Atlas.5.10.3 Polar Regions: Snow on sea ice in Arctic  10 
 11 
Atlas.5.10.3.1 Background and overall conditions  12 
Snow covering sea ice in the polar regions alters and affects the surface energy fluxes, the sea-ice mass 13 
balance, habitat conditions, and mechanical properties of the combined snow—sea-ice system (SROCC 14 
3.2.1.1.6; AR6 WG1 2.3.2.1.9). The connection between precipitation, temperature, and deposited snow is 15 
different for sea ice compared to snow over land. This is because sea ice usually provides a heat source to the 16 
bottom of the snow cover, the sea-ice cover is not necessarily around for a long period, and sea-ice drift 17 
actively transports snow over large distances. 18 
 19 
Snow thickness observations on sea ice are sparse and no continuous dataset with a sufficient spatial 20 
coverage exists. Existing sporadic data indicate regional differences with a negative trend in snow thickness 21 
over the sea ice for the western Arctic, and a rather thick snow cover in the Atlantic sector (Section 2.3.2.1) 22 
(Webster et al., 2014, 2018; Rösel et al., 2018). Available observations from drifting buoys do not show 23 
significant trends in snowfall rate (Webster et al., 2014). Changes in snow thickness on sea ice are therefore 24 
primarily driven by changes in the prevailing sea-ice type and sea-ice age: multi-year ice (MYI), which is sea 25 
ice that has survived a summer, will capture all snowfall throughout the entire annual cycle. On the other 26 
hand, first-year ice (FYI, that only forms throughout autumn and winter) will not carry any of the snow that 27 
fell before the ice formed. Hence, there is a clear connection between snow depth and ice type, with up to 28 
double the snow depths on MYI compared with FYI (Kurtz and Farrell, 2011; Blanchard-Wrigglesworth et 29 
al., 2015). To reflect this, snow climatologies used for the satellite inference of sea-ice thickness based on 30 
altimeter measurements are usually corrected using a thinner snow thickness for FYI compared with MYI 31 
(Laxon et al., 2013; Ricker et al., 2017). 32 
 33 
 34 
Atlas.5.10.3.2 Key processes and impacts  35 
Two processes are known to lead to sea-ice growth at the ice surface: snow-ice formation, which implies 36 
freezing of a slush layer at the snow-sea ice interface after flooding by sea water, and superimposed ice 37 
formation, freezing of a similar layer, but with the contribution of freshwater from rain or snow melt instead 38 
of sea water (Onstott, 1992; Eicken, 1998). The snow cover in the Arctic Ocean has, in the past, generally 39 
been too thin to load the ice to the point where negative freeboard occurs, and surface flooding can result in 40 
snow-ice formation (Haapala et al., 2013; Granskog et al., 2017). However, thinning of the sea ice, as 41 
observed in the Arctic (Section 2.3.2.1; SROCC 3.2.1.1.2), decreases the freeboard, unless the snow cover in 42 
parallel also becomes substantially less. Hence, snow-ice formation is expected to increase in the Arctic in 43 
the future (Merkouriadi et al., 2019). Depending on future changes in atmospheric temperature and 44 
precipitation phases, occurrence of superimposed ice might also become a scenario seen more often than 45 
today. 46 
 47 
Radiative fluxes and the snow cover on sea ice are closely connected. Snow has a higher surface albedo than 48 
a bare sea ice surface (Figure Atlas.50:). The timing of snow precipitation and snow melt relative to solar 49 
elevation is therefore important for the surface energy balance in a sea-ice covered region (e.g., Perovich et 50 
al., 2017; Perovich and Polashenski, 2012). Snow along with atmospheric forcing and sea-ice topography 51 
determines how and when melt ponds on sea ice form in summer months. Melt ponds however lower the 52 
albedo. 53 
 54 
The snow cover on sea ice has a major influence on the light budget available for ice-associated biota in and 55 
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below the sea ice (Nicolaus et al., 2012; Lange et al., 2019). Conditions at the snow-ice interface can provide 1 
living conditions for certain algae species (Fernández-Méndez et al., 2018). The snow cover can also play a 2 
role for upper trophic levels such as ring seals, which use snow caves for raising their pups (Kovacs et al., 3 
2012; Iacozza and Ferguson, 2014; Hamilton et al., 2018).  4 
 5 
Mechanical properties of the sea-ice and snow system are relevant for ice dynamics, such as ridging and 6 
rafting of sea ice, but also for human activity (shipping). With the latter, snow on sea ice has a direct societal 7 
relevance. A snow cover on sea ice increases the mechanical friction for a ship navigating through the ice. 8 
 9 
 10 
[START Figure Atlas.50: HERE]  11 
 12 
Figure Atlas.50: Conceptual flow diagram of relevant snow-on-sea-ice processes.  13 
 14 
[END Figure Atlas.50: HERE]  15 
 16 
 17 
Atlas.6 Climate change communication 18 
 19 
Atlas.6.1 Approaches to communicating climate change information 20 
 21 
The primary purpose of IPCC assessment reports is to provide policymakers and practitioners at all levels 22 
with the scientific information they need to develop climate policies. The information needs to be provided 23 
in a manner which is accessible, relevant and usable for the intended audience. This requires that the science 24 
be communicated in a way that allows non-scientific audiences to recognise easily and without ambiguity the 25 
implications of that science for their decision-making. The term ‘policymaker’ in itself covers a wide range 26 
of users with varying societal and cultural perspectives, expertise and specialist scientific knowledge. Aside 27 
from feeding into international, national and local climate policy, region-specific information on climate 28 
impacts and projected changes under different scenarios contained within the IPCC reports serves a practical 29 
purpose and provides input into designing better forecasting systems, spatial planning and early warning 30 
systems. The detailed technical findings in IPCC reports also serve as an important benchmark resource for 31 
the research community. Finally, growing societal engagement with climate change means IPCC reports are 32 
increasingly used directly by businesses, the financial sector, health practitioners, civil society, the media and 33 
educators at all levels. While the primary audience remains decision makers, the IPCC reports could 34 
effectively be considered a tiered set of products with information relevant to a range of audiences. 35 
 36 
Information on observed or projected climate change can be aggregated to different levels across a range of 37 
spatial and temporal scales, from global mean long-term climate characteristics to regionalized and tailored 38 
records of observed or projected impacts on a specific group of people. The aggregation scale not only 39 
affects the (un)certainty level or confidence in the presented findings, but also the perception of the 40 
information by recipients. Assessing impacts of climate change does require integration of climate and non-41 
climatic information, which makes communication between inter- and transdisciplinary teams necessary. 42 
Although ‘neutral’ communication about climate change is difficult to achieve or define, communication 43 
actions aimed at informing the general public about the assessed scientific findings regarding climate change 44 
have a different purpose and format from actions that are intended to inform a specific target audience in 45 
order to support adaptation or mitigation policies (Whetton et al., 2016). 46 
 47 
Scientists tend to focus on what they do not know before emphasizing points of agreement (National 48 
Academies of Sciences and Medicine, 2017). This focus on uncertainty obscures the level of scientific 49 
consensus on main climate change features (Lewandowsky et al., 2015). In addition, it can lead to ‘action 50 
paralysis’, when a weighting or comparison of available adaptation or mitigation actions is complicated by 51 
the large number of unresolved drivers for determining an optimal mix of measures. 52 
 53 
Rather than stressing the inherent uncertainty in the understanding of past phenomena or future pathways, an 54 
emphasis on a ‘likely’ or ‘plausible’ range of conditions is being advocated to be an effective approach in 55 
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climate change communication. A number of approaches and an evaluation of their effectiveness are under 1 
development. 2 
 3 
Empirical research on the effectiveness of climate information communication shows trade-offs in conveying 4 
complicated information whilst ensuring ease of interpretation and use. Communication approaches favoured 5 
by users are not always the approaches that achieve greatest accuracy in interpretation. Best-practice 6 
guidance is emerging to achieve greater consistency in the understanding and use of climate information.  7 
 8 
Here, a brief overview of concepts of climate change communication is given, also listed in Chapter 10.5.1, 9 
including the effectiveness of the various communication strategies some of which are followed by the 10 
IPCC. 11 
 12 
 13 
Atlas.6.1.1 Interpretation and extrapolation of historical trends  14 
 15 
Observed trends at the global, local and regional scale provide empirical evidence of a non-stationary 16 
climatology. Issues with quality, representativity, and consistency with other lines of evidence are often 17 
illustrated in this assessment report (see for example the comparison of various observational datasets in the 18 
regional climate change assessments in Section Atlas.5). These issues lead to systematic constraints on their 19 
use for attribution of causes of trends (see Section Atlas.5). The practice of attributing trends and extreme 20 
events to human causes gives confidence that these trends may be expected to continue in the (near) future, 21 
provided the human drivers of climate change remain unchanged. However, large internal variability at 22 
decadal time scales can be mistaken for a systematic human impact on the likelihood of extreme events, and 23 
in that case extrapolation of trends cannot be expected to be a reliable estimator for the future (Schiermeier, 24 
2018). 25 
 26 
Extrapolation of trends can be a viable approach when the time scale of the quantity of interest is long 27 
compared with the time window for which the information on future conditions is required. This applies for 28 
instance to sea level rise, where observed trends at the local scale are generally extrapolated to near-future 29 
time ranges to assist planning of beach nourishment programs and near-term adaptation interventions 30 
(Daron, 2015; Baart et al., 2018). 31 
 32 
 33 
Atlas.6.1.2 Direct use of the output from GCMs, including high resolution GCMs 34 
 35 
Outputs from Global Climate Models (GCMs) are a basic repository of many climate change information 36 
programs (see Chapter 4 for a review). Issues of systematic biases, drifts, internal variability, assumptions on 37 
forcings, spatial and temporal scale, data availability, experimental design and aggregation of ensembles of 38 
projections have been assessed in multiple sections of this report. Scenario storylines are needed to interpret 39 
the outcome of future projections using a specific time-varying forcing. Even after careful filtering and 40 
correcting for all these issues, GCM outputs generally give a relatively coarse picture of climate change, 41 
which is deemed useful to feed global mitigation planning but are rarely applicable to local climate change 42 
adaptation (van den Hurk et al., 2018). Interactions between the physical and socio-economical elements of 43 
the climate system is included in the methodology in choosing scenario assumptions and following driver-44 
effect cascades from the climate response to anthropogenic forcings to regional impacts and risk changes 45 
(Berkhout et al., 2013). In this ‘top-down’ mapping approach, uncertainty generally increases with longer 46 
time scales and smaller spatial and sectoral domains.  47 
 48 
 49 
Atlas.6.1.3 Application of downscaling of GCMs 50 
 51 
Downscaling global projections with regional climate models (RCMs) or statistical downscaling adds spatial 52 
detail, but also adds a source of uncertainty, related to the selection of the chosen downscaling method (see 53 
Section 10.3).  54 
 55 
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An increasing number of national and international climate change assessment programs have been 1 
performed, aiming at mapping climate change information relevant for adaptation and mitigation decision 2 
support. For instance, Bessembinder et al. (2018) provide an overview of European national climate change 3 
scenario programs. In most programs use is made of CMIP5 (or earlier) global climate change ensembles 4 
driven by an agreed set of greenhouse-gas emission scenarios, followed by downscaling using RCMs and/or 5 
statistical methods, in order to arrive at regionally representative hydrometeorological indicators of climate 6 
change. In some cases output of a selection of downscaled global and regional models is provided to users 7 
(Whetton et al., 2012; Daron et al., 2018). Uptake by users is strongly dependent on guidance provided on 8 
the motivation of the selection, the clarity of the downscaling procedure, and further steps needed to tailor 9 
the information to the local scale (Lemos et al., 2012). More comprehensive programs provide probabilistic 10 
climate information by careful interpretation, correction and aggregation of ensembles of model outputs 11 
(Lowe et al., 2018). The information provided is generally tailored to professional practitioners with 12 
expertise to interpret and process this probabilistic information. It is argued that this top-down probabilistic 13 
information chain is not able to highlight the essential climate change information for users, and alternative 14 
bottom-up approaches are encouraged (Frigg et al., 2013).  15 
 16 
 17 
Atlas.6.1.4 Inferring regional climate change from an assessment of changes in driving processes 18 
 19 
Regional climate is governed by a mixture of physical drivers, such as circulation patterns, seasonal 20 
monsoons, annual cycles of snow, regional land-atmosphere feedbacks, etc. Global warming may affect 21 
regional climate characteristics by altering the dynamics of their drivers. Regional climate change 22 
information can be generated by mapping the consequences of changing the frequency, intensity or impact of 23 
drivers. As an example, the KNMI climate change scenarios are constructed by aggregating climate change 24 
information from a large ensemble of regional climate projections, and stratifying these according to levels 25 
of global warming and the projected change of patterns of atmospheric circulation, an important driver of the 26 
regional atmospheric moisture balance and precipitation characteristics (Lenderink et al., 2014). Each of the 27 
climate change scenario thus created is based on a physical climate storyline referring to these major drivers. 28 
 29 
 30 
Atlas.6.1.5 Storylines and narratives 31 
 32 
Communicating the full extent of available information on future climate for a region, including a 33 
quantification of uncertainties, can act as a barrier to the uptake and use of such information (Lemos et al., 34 
2012; Daron et al., 2018). To address the need to simplify and increase the relevance of information for 35 
specific contexts, recent studies have adopted narrative and storyline approaches (Hazeleger et al., 2015; 36 
Shepherd et al., 2018b) (see Chapter 1 for definitions, and Chapter 10 for further discussion on these 37 
concepts). Narratives and storylines (see Section 1.4.4 and Section 10.5.3) can also be used to help describe 38 
relationships between physical climate processes across spatial and temporal scales, and how these influence 39 
the climate of a region (e.g., Zappa et al., 2017; Dessai et al., 2018) but here their role in communicating 40 
future climate information to address societal challenges is emphasized. 41 
 42 
Some uses of climate narratives also focus on the process of their construction and demonstrate the added 43 
value of co-produced narratives to enhance knowledge integration in decision-making contexts (e.g., de 44 
Bruijn et al., 2016). The success of co-production depends on the degree to which clarity of underlying 45 
values and purposes of the different co-production partners is ensured (Bremer and Meisch, 2017). An IPCC 46 
expert meeting on assessing and combining multi-model climate projections (IPCC, 2010) recommended 47 
that in cases when quantitative information is limited or missing, regional climate assessments could use 48 
narratives in addition or as an alternative. It may now be argued that information needs not be missing or 49 
limited for narratives to have value, both as a tool to communicate climate information and as a process for 50 
knowledge integration. 51 
 52 
 53 
 54 
 55 
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Atlas.6.1.6 Utilizing expert knowledge and theory 1 
 2 
Regional climate characteristics that are extremely rare or result from a complex interplay of compound 3 
drivers are frequently assessed by involving expert knowledge and basic theory (Thompson et al., 2016). The 4 
information can be aggregated from solicited expert judgments on the likelihood or potential impacts of such 5 
a rare event, triggered by its past occurrence or by evidence derived from analyses of model projections. For 6 
instance, Dessai et al. (2018) use expert elicitation to characterise narratives of changes in the Indian 7 
monsoon. Bamber et al. (2019) concluded that since AR5 uncertainty about sea level rise projections has 8 
increased, based on expert opinions on the likelihood of an increased contribution from an unstable Antarctic 9 
ice mass.  10 
 11 
The scientific credibility (and uptake) of this climate information is sensitive to the reputation and track 12 
record of the experts involved (National Academies of Sciences and Medicine, 2017). In addition the 13 
protocol used to collect and aggregate the expert information is sensitive to biases, when interaction between 14 
experts allows mutual influence between the experts’ opinions. 15 
 16 
 17 
Atlas.6.2 Communicating uncertainty: the role of language and visuals 18 
 19 
The communication of uncertainty has a profound influence on the perception of information that is 20 
exchanged during the communication process. In climate science, uncertainty refers to the inherent inability 21 
to quantify the past, current or expected state of (components of) the climate system (Ho and Budescu, 22 
2019). It is usually expressed by displaying information with an associated likelihood range, generated by 23 
the use of ensembles of datasets or model projections (Slingo and Palmer, 2011). Major sources of 24 
uncertainty in (IPCC) climate change assessments include imperfection of observational records, model 25 
formulation, natural variability and socio-economic pathways.  26 
 27 
Uncertainty in climate science communication can lead different audiences to interpret the information in 28 
different ways (Corner et al., 2012). Audiences who do not understand that science is a debate and an 29 
ongoing process of reducing uncertainty are more likely to dismiss scientific messages that highlight 30 
uncertainty in the findings (Rabinovich and Morton, 2012). Leading with what is known, rather than what is 31 
uncertain, leads to improved engagement with climate science messages (Trenberth, 2012). Some research 32 
has recommended reframing uncertainty information using the closely related concept of ‘risk’, with which 33 
as the language of the insurance, health and national security sectors, most people are more familiar (Howe 34 
et al., 2019). It is also argued that scientists must realize that their engagement in advocacy does not 35 
necessarily hurt their credibility (Kotcher et al., 2017). 36 
 37 
A narrative structure can simplify otherwise complex issues and help audiences make decisions in the face of 38 
this complexity (Mohan and Topp, 2018). Understanding and engagement with narratives can be made more 39 
effective if the scientific information is presented in a narrative format congruent with the audiences’ values, 40 
rather than presented as a list of facts (Jones and Song, 2014; Nisbet and Markowitz, 2016; Harris, 2017). On 41 
the other hand, many studies suggest that the framing of information is crucial to the way in which it is 42 
disseminated or discussed (Lakoff, 2010; Berkhout et al., 2013; Kause et al., 2019). 43 
 44 
The visual communication of climate science can take many forms, including graphs, infographics, 45 
animations and photographs. The emergence of social media has emphasised the role of visuals, illustrated 46 
by the rapid dissemination and uptake of for example the ‘warming stripes’ (Royal Meteorological Society, 47 
2019) and also used in the Interactive Atlas (Figure Atlas.51:). Studies have used interviews and online 48 
surveys to assess interpretations of visualizations used to communicate climate uncertainties to decision 49 
makers (Daron et al., 2015; Lorenz et al., 2015; McMahon et al., 2015; Retchless and Brewer, 2016). They 50 
commonly find wide-ranging interpretations of the same information and distorted understanding that can be 51 
caused by seemingly arbitrary visualization choices. Taylor et al. (2015) found that preferences for a 52 
particular visualization approach does not always align with the approaches that achieve greatest accuracy in 53 
interpretation. 54 
 55 
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With new insights from a range of scientific disciplines, including the cognitive and psychological sciences 1 
(Harold et al., 2016), best-practice guidance for communicating and visualizing climate data is emerging. 2 
Budescu et al. (2012) showed that using a dual verbal-numerical scale allows for greater consistency in 3 
understanding confidence and uncertainty; an approach advocated by Harris et al. (2013) who find 4 
differences in interpretations of probability expressions between the Chinese and British public. Kaye et al. 5 
(2012) and Retchless and Brewer (2016) provided guidance on the use of colour, masking and other 6 
graphical approaches to represent uncertainty. Beyond communication of climate information through 7 
papers, reports and web-based platforms, new World Meteorological Organization guidance discusses the 8 
value of different user-engagement approaches (WMO, 2018) to improve climate information 9 
communication, particularly in developing climate services. The guidance provides examples from passive to 10 
interactive and focused engagements, showing that deeper and more valuable engagement is best achieved 11 
through face-to-face interaction.  12 
 13 
In addition, new evidence is emerging about the potential of photographic imagery to build trust in scientific 14 
communication. Photographs which connect people and climate in ways deemed credible and authentic 15 
support positive engagement with climate change messaging (Chapman et al., 2016). Effective visual 16 
communication needs to connect with the values and identity of its audience (Ballantyne et al., 2018). 17 
 18 
Besides the standard visual products typically used for communicating global and regional climate 19 
information to practitioners (e.g., maps, time series or scatter diagrams), the Interactive Atlas incorporates 20 
new visuals (e.g., stripes) facilitating the communication of key messages (e.g., warming and consistency 21 
across models) to a less technical audience (Figure Atlas.51:). The various tabular and graphical 22 
representation alternatives included as options in the Interactive Atlas facilitate exploring the information 23 
interactively from different perspectives and for different levels of detail thus favouring the communication 24 
with the larger and diverse audience of IPCC products.  25 
 26 
 27 
[START Figure Atlas.51: HERE] 28 

 29 
Figure Atlas.51: The Interactive Atlas incorporates different visualisations to present climate information such as 30 

standard spatial maps (top) and time series (middle), but also more modern visual representations like 31 
the (piled) stripes plots (bottom). These examples correspond to CMIP6 annual mean temperature for 32 
the SSP5-8.5 scenario. The spatial map shows the climate change signal for the long-term period 33 
(2081–2100) with respect to the 1995–2014 baseline period. Regional information – for the 34 
aggregated European regions selected in the map – for both the historical and future periods are 35 
displayed using time series (middle panel, historical 1950–2014 period in grey and 2015–2100 36 
projections in red) and, alternatively, as a stripe plot formed by the piled stripes of the different 37 
models (this figure illustrates a strong warming pattern emerging from the interannual and model 38 
variability).  39 

 40 
[END Figure Atlas.51: HERE] 41 
 42 
 43 
Atlas.6.3 Selected case studies 44 
 45 
[PLACEHOLDER TO BE ENHANCED DURING THE PERIOD THAT THE INTERACTIVE ATLAS IS 46 
BEING FINALISED BUT BEFORE THE SOD GOES OUT FOR REVIEW: MORE CASE STUDIES 47 
WILL BE ADDED, INCLUDING ILLUSTRATIONS OF THE USE OF THE INTERACTIVE ATLAS] 48 
 49 
 50 
Atlas.6.3.1 Communicating regional climate change in a case of inconsistency between various lines of 51 

evidence 52 
 53 
Sometimes GCM- and RCM-based ensembles can disagree concerning the future projections for some key 54 
variables even over large areas. These examples of inconsistency can create issues in communicating future 55 
climate change assessment towards stakeholders or the public. Following Boé et al. (submitted), Figure 56 
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Atlas.52: illustrates the GCM-RCM inconsistency for European surface temperature projections at the end of 1 
the 21st century in summer under the RCP8.5 scenario between the CMIP5 GCM and CORDEX RCM 2 
ensembles. This inconsistency remains to be definitively attributed but various hypotheses have been 3 
proposed (Sørland et al., 2018b; Schwingshackl et al., 2019; Boé et al., submitted). When assessing future 4 
climate change, documenting understanding and taking into account GCM-RCM inconsistencies are required 5 
to create a comprehensive and effective narrative on regional climate change. 6 
 7 
 8 
[START Figure Atlas.52: HERE] 9 
 10 
Figure Atlas.52: Mean European June-July-August surface temperature change between the 1970–1999 and 2070–11 

2099 periods for RCP8.5 using an ensemble of CMIP5 GCMs (black), a subset of these used to drive 12 
an ensemble of RCMs (green) and the RCMs (red). (Source: Boé et al., submitted).  13 

 14 
[END Figure Atlas.52: HERE] 15 
 16 
 17 
Atlas.7 Description of the online ‘Interactive Atlas’ 18 
 19 
The Interactive Atlas is developed in collaboration with WGI and WGII chapters, focusing on relevant 20 
variables, indices and climate impact drivers and allowing for a spatial and temporal analysis with a 21 
predefined granularity (e.g. flexible seasons and a number of predefined alternatives for subregions and 22 
baseline and future periods, including warming levels; see Section Atlas.2). The Second order Draft (SOD) 23 
version presented here includes some basic atmospheric (temperatures and precipitation) and oceanic (sea 24 
surface temperature, pH and Oxygen) variables and some illustrative extreme indices (used in Chapter 11) 25 
and climate impact drivers (used in Chapter 12). In particular, the Interactive Atlas provides global 26 
information in the form of interactive maps for observations (climatologies and trends) and model outputs 27 
(climatologies and climate change signals for both time slices and warming levels) of these variables and 28 
indices considering a number of alternative reference baselines. It also provides regional information 29 
(aggregated spatial values) for a number of predefined (reference and typological) regions in the form of 30 
time series, annual cycle plots, scatter plots (e.g. temperature versus precipitation), tabular summaries and 31 
stripe plots. This allows for an in-depth comprehensive analysis (and intercomparison) of the different 32 
datasets at a global and regional scale. Figure Atlas.53: illustrates the key functionalities of the Interactive 33 
Atlas.  34 
 35 
 36 
[START Figure Atlas.53: HERE] 37 
 38 
Figure Atlas.53: Screenshots from the Interactive Atlas showing the main interface and WGI Reference regions (top 39 

map) and various formats for displaying summary information over the reference regions (bottom five 40 
graphics panels). Other details of model ensembles, resolutions etc are displayed in the text of the 41 
figure. 42 

 43 
[END Figure Atlas.53: HERE] 44 
 45 
 46 
In order to ensure transparency and promote FAIR principles (Wilkinson et al., 2016), the reproducibility of 47 
results has been a major concern when developing the Interactive Atlas. As a result, full metadata is provided 48 
in the Interactive Atlas for each of the products (only for spatial maps in the SOD) and the scripts used to 49 
generate the intermediated products (e.g. indices) and plots are available online (Atlas GitHub, 2020), 50 
together with simpler notebooks more suitable for reusability. These scripts are based on the climate4R open 51 
source framework (Iturbide et al., 2019). 52 
 53 
The Interactive Atlas SOD is available for review at ipcc-atlas.ifca.es (login details and indications are 54 
provided upon registration as reviewer). 55 
 56 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-123 Total pages: 251 

Atlas.7.1 Why an interactive online Atlas in AR6? 1 
 2 
The idea of an interactive online Atlas was first discussed in the IPCC Expert Meeting on Assessing Climate 3 
Information for the Regions, ICTP, Trieste, 16–18 May 2018. One of the main limitations of previous static 4 
global and regional information (including the AR5 Atlas) was the limited options available in order to be 5 
informative for different regions and applications. For instance, the use of standard seasons limits the 6 
assessment in many cases, such as regions affected by monsoons or seasonal rainband migrations or other 7 
phenomena driven seasons. The limited number of variables which can be treated on a printed Atlas also 8 
prevents the inclusion of relevant indices and climate impact drivers. One of the main general concerns 9 
raised by this online alternative was the potential danger of having an unmanageable number of final 10 
products impossible to assess following the IPCC assessment process. All the recommendations and 11 
concerns have been taken into account in the design of the Interactive Atlas, implementing a tool for flexible 12 
regional and temporal analysis, but with limited predefined functionality and granularity. Moreover, links 13 
have been established with other chapters (e.g. using common tools) in order to support their assessment and 14 
adopt their methodological recommendations.  15 
 16 
In order to facilitate the assessment of the Interactive Atlas, it has been implemented tracking relevant 17 
navigation information in the URL, so any product visualized by the Interactive Atlas (as characterized by 18 
the particular dataset, region, variable, season, scenario, future and baseline periods, and analysis tool) can 19 
be reproduced using the review code provided by the Interactive Atlas for the particular page viewed. This 20 
serves as a sort of ID which facilitates the review process of the granular products shown by the Interactive 21 
Atlas. 22 
 23 
 24 
Atlas.7.2 Description of the Interactive Atlas: functionalities and datasets  25 
 26 
The Interactive Atlas builds on the work done in the framework Spanish National Adaptation Plan (PNACC 27 
– AdapteCCa; http://escenarios.adaptecca.es) to develop a regional scenarios portal to assist the Spanish 28 
climate change impact and adaptation community. The basic functionalities initially included in the AR6 29 
WGI Interactive Atlas were based on those already implemented in AdapteCCa and have been adapted and 30 
extended to cope with the particular requirements of the datasets and functionalities planed for the 31 
Interactive Atlas. In particular, the functionalities available in the SOD have been designed to showcase the 32 
possibilities that offers interactivity building on six basic products (see Figure Atlas.53:):  33 

 global maps, uncertainty is represented as in Nikulin et al. (2018), using both model agreement and 34 
signal to noise ratio, 35 

 temporal series,  36 
 stripe plots, 37 
 annual cycle plots, 38 
 two-variable scatter plots (e.g. temperature vs. precipitation), and 39 
 tables with summary information. 40 

 41 
The first of these products provides spatial information of the ensemble mean and the latter five convey 42 
(spatially) aggregated information of the multi-model ensemble for particular region(s) selected by the user 43 
from a number of predefined alternatives (currently ‘AR6 WGI reference regions’ and ‘monsoon regions’ for 44 
atmospheric variables, and ‘ocean biomes’ for oceanic ones; see Section Atlas.2.2 for more details on 45 
regional definitions).  46 
 47 
Figure Atlas.54: shows a screenshot of the Interactive Atlas land page displaying a global map with the 48 
climate change for the default configuration of dataset, variable, scenario and season (as shown in the tabs at 49 
the top of the window). In order to provide a measure of uncertainty, hatching is used to represent low or no 50 
model agreement (less than 80%, main hatching at 45º) and low signal to noise ratio (less than 1, secondary 51 
hatching at -45º) following Nikulin et al. (2018).  52 
 53 
 54 
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[START Figure Atlas.54: HERE] 1 
 2 
Figure Atlas.54: A screenshot illustrating the main window of the AR6 WGI Interactive Atlas, which displays a global 3 

map of the climate change signal for annual mean temperature from the CMIP6 dataset for the long-4 
term future period (2081-2100) using the AR6 baseline (1995-2014). The main controls at the top of 5 
the window allow selecting the dataset (CMIP6, CMIP5 or different CORDEX domains, at 2º, 1º and 6 
0.5º horizontal resolution, respectively), variable (atmospheric and oceanic variables and indices), 7 
scenario (currently SSP1-2.6, 2-4.5 and 5-8.5 –or RCP2.6, 4.5 and 8.5– for different time slices and 8 
1.5º, 2º and 3º warming levels) and season (annual, standard seasons and user-defined ones). Regional 9 
information for a particular region can be obtained interactively by clicking on the map over one or 10 
several sub-regions; see Figure Atlas.55:). Note that the full URL (as copied from the browser) tracks 11 
all the information of the current choice (a short ‘review code’ can be obtained as shown in the 12 
figure).  13 

 14 
[END Figure Atlas.54:HERE] 15 
 16 
 17 
The Interactive Atlas includes both atmospheric (daily mean, minimum and maximum temperatures and 18 
precipitation) and oceanic (sea surface temperature, pH and oxygen) variables, as well as some illustrative 19 
(ETCCDI) extreme indices used in Chapter 11 and a selection of climate impact drivers used in Chapter 12 20 
(see Annex VII, Tables AVII.1 and AVII.2 for more details): 21 

 Maximum of maximum temperatures (TXx) 22 
 Minimum of minimum temperatures (TNn) 23 
 Maximum 1-day precipitation (RX1day) 24 
 Frost days (FD) 25 
 Heating Degree Days (HDD) 26 
 Cooling Degree Days (CDD) 27 
 Days with maximum temperature above 40ºC (TX35), both raw and bias adjusted. 28 
 Days with maximum temperature above 35ºC (TX40), both raw and bias adjusted. 29 
 Days with mean temperature above 21.5ºC (T21.5) 30 
 99th percentile of daily precipitation (R99)  31 

 32 
Some of the above indices (in particular TX35 and TX40) are highly sensitive to model biases and the 33 
application of bias adjustment techniques is recommended to alleviate this problem (see Cross-Chapter Box 34 
10.2 on bias adjustment). Bias adjustment is performed using an observational reference (preferable with a 35 
resolution similar to the model to avoid ‘downscaling’ artifacts) and adjusting the historical model output 36 
distribution towards the observed one; here we use the EWEMBI (Lange, 2019) observational reference 37 
(used in the ISI-MIP initiative), upscaled to the model resolution. As there are several approaches to bias 38 
adjustment and no clearly preferred method (see Cross-Chapter Box 10.2) here we use a popular bias 39 
adjustment method (empirical quantile mapping, EQM; see Casanueva et al. submitted), but will extended 40 
the analysis in the final draft to include an additional trend-preserving method to allow assessing the 41 
uncertainty due to bias adjustment techniques. We follow the recommendations given in Chapter 10 and 42 
provide the results for both the adjusted and the raw model output.  43 
 44 
The basic variables are available in the Interactive Atlas for the global and regional datasets (CMIP5 on a 45 
common 2º grid, CMIP6 on a 1º grid, and CORDEX on a 0.5º; see Sections Atlas.3.3 and Atlas.3.4), whereas 46 
the indices and climate impact drivers are available only for the global datasets (the final version will include 47 
also the indices for CORDEX, for the final dataset available at the cut-off date). Data from the historical, 48 
SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios (or RCP2.6, RCP4.5 and RCP8.5 for CMIP5 and CORDEX) is 49 
available in all cases, and the user can select a baseline from three alternatives (AR6: 1995–2014, AR5: 50 
1986-2005 and WMO: 1981–2010) and the future period of analysis as either a time slice (considering the 51 
AR6 future periods 2021–2040, 2041-2060 and 2081-2100 for near-, mid- and long-terms, respectively), or 52 
as a warming level (1.5ºC, 2ºC or 3ºC; see Section Atlas.2.1 for full details).  53 
 54 
Regionally aggregated information can be obtained interactively by selecting (clicking on) the region(s) of 55 
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interest and indicating the type of product from a number of options: temporal series (ensemble plumes), 1 
stripes, annual cycle plots, two-variables scatter plots, summary tables (see Figure Atlas.53:). In this case, 2 
uncertainty is explicitly represented in the products (e.g. by the ensemble spread for the time series), since 3 
the Interactive Atlas shows the individual results for each of the models (see Figure Atlas.55:). Note that the 4 
dataset, variable, scenario and season can be changed at any time and the regional information (for the 5 
currently selected region) will be change accordingly, thus providing high interactivity in the exploration of 6 
products. Note that the information displayed in these products will correspond to the aggregated results of 7 
the region(s) selected and displays higher granularity since the results of individual models are represented 8 
and not only the ensemble mean (or ensemble statistics).  9 
 10 
 11 
[START Figure Atlas.55: HERE] 12 
 13 
Figure Atlas.55: Regional information for a selected region (the Mediterranean) in the form of a time series for a mid-14 

term time slice (top) and a 2ºC warming level (bottom). Note that the corresponding periods are 15 
indicated with grey shading (with intensity proportional to the number of models including each 16 
particular year for the case of the warming levels). Fine granularity is provided by hovering over a 17 
particular point, obtaining information of particular models. These figures have been exported directly 18 
from the Interactive Atlas (as bitmap or PDF files). 19 

 20 
[END Figure Atlas.55: HERE] 21 
 22 
 23 
Atlas.7.3 Accessibility and reproducibility 24 
 25 
The accessibility and reproducibility of scientific results is nowadays a major concern in all scientific 26 
disciplines (Baker, 2016). During the design and development of the Interactive Atlas, special attention has 27 
been paid to these problems in order to ensure the transparency of the products feeding the Interactive Atlas 28 
(which are all publicly available). Accessibility will be established in collaboration with the IPCC Data 29 
Distribution Centre, since all final products provided by the Atlas will be based on curated IPCC-DDC 30 
datasets and will include full provenance information as part of the provided metadata (see Atlas.7.4). The 31 
Atlas products are generated using open source frameworks –e.g. the climate4R framework (Iturbide et al., 32 
2019)– based on free software community tools (e.g. R) for data post-processing (re-gridding, aggregation, 33 
adjustment, etc.) and evaluation and quality control (when applicable). Full metadata is generated for all final 34 
products using the METACLIP RDF-based framework (Bedia et al., 2019), describing the datasets and the 35 
post-processing workflow (see Atlas.7.4 for some examples).  36 
 37 
In summary, a number of actions have been conducted in order to facilitate the open access and 38 
reproducibility of results, including: 39 

 Open access to raw data and derived Atlas products;  40 
 Provision of full provenance metadata describing the product generation workflow;  41 
 Free availability of the software and code used. As an example, code for reproducing some of the 42 

figures of the Atlas Chapter is available online at a GitHub repository (Atlas GitHub, 2020), 43 
 Use of standards and open-source tools. 44 

 45 
All Atlas products and flexibility options for extended analysis build on recommendations and assessments 46 
made in WGI Chapters. For instance, products based on bias adjustment follow the recommendations done 47 
in Chapter 10, and the variables and indices included have been assessed in Chapters 11, 12 or the Atlas. The 48 
incorporation of new products in the Atlas expanding the analysis provided in other chapters need to be a 49 
collaborative process. A number of requirements are listed: 50 

 The scripts/code used to generate the dataset supporting a new product would be based on and 51 
incorporated into the package used to generate the other interactive Atlas datasets and made publicly 52 
available; the Atlas team can collaborate in this process integrating and harmonizing tools; 53 

 The dataset generated would need to be assessed in the relevant chapter; 54 
 The Interactive Atlas would provide functionality to select reference periods, emissions, regions, 55 
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plotting options as agreed with the chapter as being appropriate for the relevant dataset.  1 
 2 
 3 
Atlas.7.4 Provenance for the full workflow from the data source to the final product 4 
 5 
Provenance is defined as a ‘record that describes the people, institutions, entities, and activities involved in 6 
producing, influencing, or delivering a piece of data or a thing’. This information can be used to form 7 
assessments about their quality, reliability or trustworthiness. In the context of the outcomes of the 8 
Interactive Atlas, having an effective way of dealing with data provenance is a necessary condition to ensure 9 
not only the reproducibility of results, but also to build trust on the information provided. However, the 10 
relative complexity of the data and the post-processing workflows involved may prevent from a proper 11 
communication of data provenance with full details for reproducibility. Therefore, a special effort has been 12 
made in order to build a comprehensive provenance metadata model for the Interactive Atlas products.  13 
 14 
Provenance frameworks are typically based on RDF (Resource Description Framework), a family of World 15 
Wide Web Consortium (W3C) specifications originally designed as a metadata model – RDF Working 16 
Group 2014: www.w3.org/RDF (Candan et al., 2001). It is an abstract model that has become a general 17 
method for conceptual description of information for the Web, using a variety of syntax notations and 18 
serialization formats. Designed to provide a framework that ensures interoperability between metadata 19 
frameworks, RDF allows for structured and semi-structured data to be mixed, exposed, and shared across 20 
different applications. As a result, RDF has been widely adopted in many different fields. To this aim, 21 
specific vocabularies have been written in RDF, containing a conceptual model of a particular – more or less 22 
broad – domain of knowledge. Vocabularies list the types of objects, the relationships that connect them and 23 
constraints on the ways that objects and relationships can be combined, being used for description, 24 
classification and reasoning. METACLIP (Bedia et al., 2019) exploits RDF through specific vocabularies, 25 
written in the OWL ontology language, describing different aspects involved in climate product generation, 26 
from the data source to the post-processing workflow, extending international standard vocabularies such as 27 
PROV-O (Moreau et al., 2015). The METACLIP vocabularies are publicly available in the METACLIP 28 
GitHub repository (github.com/metaclip/vocabularies).  29 
 30 
METACLIP makes an emphasis in the delivery of ‘final products’ (understood as any piece of information 31 
that is stored in a file, such as a plot or a map) with a full semantic description of its origin and meaning 32 
attached to it. METACLIP ensures ‘machine readability’ through the reuse of well-defined, standard 33 
metadata vocabularies, providing semantic interoperability and the possibility of developing database 34 
engines supporting advanced provenance analytics. Therefore, this framework has been adopted in order to 35 
generate provenance information and attach it as metadata to the products generated by the interactive Atlas. 36 
A specific vocabulary (IPCC_TERMS) is created alongside the inclusion of new products in the Interactive 37 
Atlas and use the controlled vocabularies existing from CMIP and CORDEX experiments. As an example, 38 
Figure Atlas.56: shows the semantic vocabularies needed to encode the information of the typical workflow 39 
for computing (from bias-adjusted data) any of the climate indices (extreme or climate impact drivers) 40 
included in the Interactive Atlas. 41 
 42 
 43 
[START Figure Atlas.56: HERE] 44 
 45 
Figure Atlas.56: Schematic representation of the generation workflow, from database description, subsetting and data 46 

transformation to final graphical product generation (maps and plots). Product-dependent workflow 47 
steps are depicted with dashed borders. METACLIP specifically considers the different intermediate 48 
steps consisting of various data transformations, bias adjustment, climate index calculation and 49 
graphical product generation, providing a semantic description of each stage and the different 50 
elements involved. The different controlled vocabularies describing each stage are indicated by the 51 
colors. The gradient indicates that both ipcc_terms and datasource vocabularies are involved, usually 52 
meaning that specific individual instances have been defined in ipcc_terms extending generic classes 53 
of datasource. Both datasource and ipcc_terms vocabularies, dealing with the primary data sources, 54 
have specific annotation properties linking their own features with the CMIP5, CMIP6 and CORDEX 55 
Data Reference Syntax, taking as reference their respective controlled vocabularies. All products 56 
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generated by the Interactive Atlas provide a METACLIP provenance description, including a 1 
persistent link to a reproducible source code under version control. 2 

 3 
[END Figure Atlas.56: HERE] 4 
 5 
 6 
Atlas.7.5 Exporting products (including metadata) in different formats  7 
 8 
All the products visualized in the Interactive Atlas can be exported in a variety of formats, including PNG 9 
files (and also PDF in cases with vector information, e.g. for temporal seriers). Moreover, products with 10 
spatial information (only the global maps in the current version) can be downloaded in GIS format 11 
(GeoTIFF). These options can be selected in the right-hand side buttons of the main screen (see Figure 12 
Atlas.54:) under the zooming options.  13 
 14 
For some test products of the Interactive Atlas (only global maps in this version), a comprehensive 15 
provenance metadata description has been generated, including all details needed for reproducibility, from 16 
the data sources to the different post-processes applied to obtain the final product (detailed information on 17 
the specific metadata provenance model used, METACLIP, is given in next section). In these cases, there is 18 
also the possibility to download a PNG file augmented with attached metadata information (in JSON 19 
format). This metadata information (including the source code generating the product) can be accessed and 20 
interpreted automatically using specific JSON software/libraries. However, for the sake of simplicity, a 21 
human readable version of the metadata is accessible directly from the Interactive Atlas (see metadata option 22 
in Figure Atlas.54:) describing the key information along the workflow. 23 
 24 
In order to facilitate full metadata consultation, the METACLIP framework has an interactive interpreter 25 
designed as an interactive provenance visualization tool to navigate through complex data workflows and 26 
obtain, for each step, a semantic description of the operations undertaken, thereby allowing for an easy 27 
interpretation of the provenance information by users with different levels of expertise. This is a drag-and-28 
drop facility where users can drop the files downloaded from the Interactive Atlas to visually explore the 29 
metadata. For example, Figure Atlas.57: shows the metadata for the augmented PNG file corresponding to 30 
the default selection of the Interactive Atlas, and obtained by clicking on the METACLIP button. The 31 
visualization interface provides provenance description at different levels of granularity, in such a way that 32 
the most technical details (e.g. command calls which are only relevant for expert users) remain hidden unless 33 
explicitly queried.  34 
 35 
 36 
[START Figure Atlas.57:HERE] 37 
 38 
Figure Atlas.57: Screenshot of the METACLIP Interpreter for provenance visualization (metaclip.org), displaying the 39 

provenance of a temperature anomaly map downloaded from the Interactive Atlas as a PNG file with 40 
attached METACLIP metadata (METACLIP export option). The blow-up shows a specific dataset 41 
(CMIP5 RcP8.5) used to produce the map. It shows details about the dataset provenance such as its 42 
DOI identifying the source of data, the experiment (RCP 8.5), the modelling centre, GCM 43 
information, data provider and associated Project (CMIP5). The interface allows the user to expand 44 
the detail of information if needed by clicking in each of the nodes and reading the metadata in the left 45 
panel. It is also possible zooming in/out, scrolling and saving a user-defined position of the graph. 46 

 47 
[END Figure Atlas.57: HERE] 48 
 49 
 50 
Atlas.8 Limits to the assessment 51 
 52 
Knowledge gaps 53 
  54 
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Frequently Asked Questions 1 
 2 
[FAQs will be further developed in the final draft] 3 
 4 
FAQ ATLAS.1: Why is there an AR6 WG I Interactive Atlas? 5 
 6 
One of the main limitations of static (printed or electronic) climate products (e.g. maps or summary tables) is 7 
the limited options available to extract relevant information for regional analysis. For instance, the use of 8 
standard seasons limits the assessment in many cases (such as regions affected by monsoons or seasonal 9 
rainband migrations) and the limited number of variables prevents the inclusion of relevant indices and 10 
climate impact drivers. These factors limited the scope of the AR5 Atlas, which provided global and regional 11 
information only for temperature and precipitation for the standard seasons due to space limitation. The 12 
Interactive Atlas has been conceived as a tool for flexible regional and temporal analysis, but with limited 13 
predefined functionality and granularity to prevent misuse. Moreover, links have been established with other 14 
chapters in order to adopt their methodological recommendations and to support their assessment. 15 
 16 
 17 
FAQ ATLAS.2: How can I use the Interactive Atlas for mitigation and adaptation studies? 18 
 19 
 20 
FAQ ATLAS.3: How can I use the Interactive Atlas for climate risk assessment? 21 
 22 
 23 
FAQ ATLAS.4: Where can I find the information that was used to produce the figures in the 24 

Interactive Atlas? 25 
 26 
In order to ensure transparency and promote FAIR principles (findable, accessible, interoperable and 27 
reproducible results), the reproducibility of results has been a major concern when developing the Interactive 28 
Atlas. As a result, metadata is provided in the Interactive Atlas for the full workflow, from the data sources 29 
to the final products (only for spatial maps in the SOD) and the scripts used to generate the intermediated 30 
products (e.g. indices) as well as the figures are available online in a GitHub repository (Atlas GitHub, 31 
2020). Moreover, in order to increase reusability, simple notebooks have been produced illustrating the 32 
different steps of the process (data collocation, transformation, etc.) using smaller subsets. These scripts are 33 
based on the climate4R open source framework (Iturbide et al., 2019). FAQ Atlas.4, Figure 1shows a 34 
screenshot of the repository for a particular topic (calculation of warming levels). 35 
 36 
 37 
[START FAQ ATLAS.4, FIGURE 1 HERE] 38 
 39 
FAQ Atlas 4, Figure 1: Screenshot of the GitHub repository containing the scripts and results of the warming level 40 

calculations for CMIP5 and CMIP6 models, together with some sensitivity studies to the effect 41 
of the length of the moving window. 42 

 43 
[END FAQ ATLAS.4, FIGURE 1 HERE] 44 
 45 
 46 
  47 
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Appendix Atlas.A 1 
 2 
[START TABLE ATLAS.A.1 HERE]  3 
 4 
Table Atlas.A.1: Overview of observational datasets for North, West and Central Asia  5 
 6 
Observed 
datasets  

Domain  P  T  Data type  Spatial 
resolution 

Temporal 
resolution 

Period  Reference  

CLIMATER  Russia 
Kazakhstan 
Turkmenistan 
Georgia 
Armenia 
Tajikistan 
Uzbekistan  

x Mean 
Min 
Max 

Stations 600 stations Daily 
Monthly  

1874–present 
(each station 
available 
individually)  

Russian Research 
Institute of 
Hydrometeorological 
Information - World 
Data Center (RIHMI-
WDC) 
aisori.meteo.ru/climater 
(Bulygina et al., 2014) 

HadGHCND Global  - Min 
Max 

Gridded  2.5° lat x 
3.75° lon 
grid 

Daily  1950–present Met Office Hadley 
Centre observations 
datasets  
www.metoffice.gov.uk/
hadobs/hadghcnd/ 
(Caesar et al., 2006) 

HadAT2  
gridded 
radiosonde 
temperature 
product:  
anomalies 
relative to the 
monthly 1966–
1995 
climatology 

Global  - Min 
Max 

Gridded on 
pressure 
levels 850, 
700, 500, 
300, 200, 
150, 100, 
50, 30 hPa 

10° lon x 
5° lat grid 

Monthly  1950–2012 Met Office Hadley 
Centre observations 
datasets  
www.metoffice.gov.uk/
hadobs/hadat/hadat2.ht
ml 
(Thorne et al., 2005) 

CRUTEM4 Global  - Min 
Max 

Gridded  5° grid Daily  1850–present  Met Office Hadley 
Centre observations 
datasets 
www.metoffice.gov.uk/
hadobs/crutem4/ 
(Jones et al., 2012) 

CCU ‘IKI-
Monitoring’ 
satellite data 
archive 

Global  - x Satellite 
images  

Satellite-
dependent 

Daily  1984–present   Center for collective 
use of satellite data 
(CCU ‘IKI-
Monitoring’), Space 
Research Institute of 
the Russian Academy 
of Sciences (IKI RAS)  
ckp.geosmis.ru/default.
aspx?page=6  
(Loupian et al., 2015)  

CPC Merged 
Analysis of 
Precipitation 
(CMAP) 

Global  x - Gridded  2.5° lat – 
2.5° lon 
grid  

Monthly  1979–2019  NOAA/OAR/ESRL 
PSD, Boulder, CO, 
USA  
www.esrl.noaa.gov/psd
/data/gridded/data.cma
p.html#detail  
(Xie et al., 2007)  

Note: The symbols x and - in the precipitation (P) and temperature (T) columns indicate that data are respectively 7 
available and unavailable. ‘Mean’, ‘Min’ and ‘Max’ specify which type of temperature data is available.  8 
 9 
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[END TABLE ATLAS.A.1 HERE]  1 
 2 
 3 
[START TABLE ATLAS.A.2 HERE]  4 
 5 
Table Atlas A.2: Overview of national and other climate change assessments.  6 
 7 
Country  Reference 

period  
Time horizons  RCPs or emission 

scenarios  
National / 
Other  

Reference  

Armenia  1961–1990  2011–2040 
2041–2070 
2071–2100.  

RCP6.0 
RCP8.5 

National 
Other  

(Gevorgyan, 2014; Vermishev and 
Moir, 2015; Gevorgyan et al., 
2016b) 

Azerbaijan  1961–1990    1, 2, 3, 4, 5°C 
21 CMIP5 climate 
models 

Other  National average climate 
information from ClimGen, 
climate information for Azerbaijan 
crudata.uea.ac.uk/~timo/climgen/n
ational/web/Azerbaijan/projs_seas.
htm 
(Osborn et al., 2016)  

Bahrain  1986–2005  2080–2099   RCP2.6 
RCP4.5 
RCP6.0 
RCP8.5  

Other  Climate Change Knowledge Portal 
climateknowledgeportal.worldban
k.org/country/bahrain/climate-
data-projections  
(World Bank Climate Change 
Knowledge Portal)  

Georgia  1986–2010  2021–2050 
2071–2100  

A2 
A1B 
B1  

National  (Georgia’s Third National 
Communication to the UNFCCC, 
2015) 

Iran  1982–2009  2016–2030  B1 
A2 
A1B  

National  (IDOE, 2017) 

Iraq  1961–2005  2070–2099 
 

Other  (Salman et al., 2017) 
Kazakhstan  1986–2005  2016–2035 

2046–2065 
2081–2099  

RCP4.5 
RCP8.5 
42 CMIP5 models  

National  (Kozhakhmetov and Nikiforova, 
2016)  
 

Kyrgyzstan  1961–1990  2020 
2050 
2080 
2100  

16 CMIP3 models 
A2 

National  (Iliasov et al., 2013)  

Russia  1981–2000  2011–2030 
2041–2060 
2080–2099  

RCP4.5 
RCP8.5 

National  Climate Center of Roshydromet  
cc.voeikovmgo.ru/ru/klimat/izmen
enie-klimata-rossii-v-21-veke  
(Frolov et al., 2014) 

Tajikistan  1961–1990  2011–2041 
2041–2070 
2071–2099  

RCP2.6 
RCP8.5  

Other  (Aalto et al., 2017) 

Turkmenistan  1990  2020 
2040 
2060 
2080 
2100  

A1FI 
B1 
а MAGICC / 
SCENGEN 

National  (Allaberdiyev, 2010) 

Uzbekistan  1850–2005  2011–2100  RCP2.6 
RCP4.5 
RCP8.5  

Other  (Huang et al., 2014b) 

 8 
[END TABLE ATLAS.A.2 HERE] 9 
 10 
 11 
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[START TABLE ATLAS.A.3 HERE] 1 
 2 
Table Atlas.A.3: South America NWS region. If both increase and decrease are indicated, papers have shown different 3 

change signal or the signal is mixed over the region, i.e. there are positive and negative changes in the 4 
same region and it is difficult to assess the climate signal. 5 

Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Increasea Increasea Increasea Increasea 

MAM  Decreaseb   

JJA Decrease or 
increasec 

Decreasec Increasec Increasec 

SON     

Annual Increased Decreased Increased Increased 
Notes: 6 
(a) (Chou et al., 2014a; Coppola et al., 2014b; Giorgi et al., 2014; Reboita et al., 2014; LYRA et al., 2016; Llopart et al., 7 
2019) 8 
(b) (Ruscica et al., 2016b) 9 
(c) (Chou et al., 2014a; Coppola et al., 2014b; Giorgi et al., 2014; Reboita et al., 2014; LYRA et al., 2016; Llopart et al., 10 
2019) 11 
(d) (Coppola et al., 2014b; LYRA et al., 2016) 12 
 13 
[END TABLE ATLAS.A.3 HERE] 14 
 15 
 16 
[START TABLE ATLAS.A.4 HERE] 17 
 18 
Table Atlas.A.4: As Table Atlas.A.3, but for the South America AMZ region.  19 
 20 
Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Decreasea Decreasea Increasea Increasea 

MAM  Decreaseb  Increaseb 

JJA Decreasec Decreasec Increasec Increasec 

SON  Decreased  Increased 

Annual Decreasee Decreasee Increasee Increasee 
Notes: 21 
(a) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016) 22 
(b) (Chou et al., 2014a; Ruscica et al., 2016b) 23 
(c) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016) 24 
(d) (Chou et al., 2014a; Ruscica et al., 2016b) 25 
(e) (Coppola et al., 2014a; LYRA et al., 2016) 26 
 27 
[END Table Atlas.A.4 HERE] 28 
 29 
 30 
[START Table Atlas.A.5 HERE] 31 
 32 
Table Atlas.A.5: As Table Atlas.A.3, but for the South America SAM region.  33 
 34 
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Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Increasea Decrease or 
increasea 

Increasea Increasea 

MAM  Decreaseb  Increaseb 

JJA Decreasec Decrease or 
increasec 

Increasec Increasec 

SON  Decreased  Increased 

Annual Decreasee Decreasee Increasee Increasee 
Notes: 1 
(a) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016; 2 
Marengo et al., 2016) 3 
(b) (Chou et al., 2014a; Ruscica et al., 2016b) 4 
(c) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016; 5 
Marengo et al., 2016) 6 
(d) (Chou et al., 2014a; Ruscica et al., 2016b) 7 
(e) (Coppola et al., 2014a; LYRA et al., 2016) 8 
 9 
[END TABLE ATLAS.A.5 HERE] 10 
 11 
 12 
[START TABLE ATLAS.A.6 HERE] 13 
 14 
Table Atlas.A.6: As Table Atlas.A.3, but for the South America NEB region.  15 
 16 
Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Increasea Decrease or 
increasea 

Increasea Increasea 

MAM  Decrease or 
increaseb 

 Increaseb 

JJA Decrease or 
increasec 

Decrease or 
increasec 

Increasec Increasec 

SON  Decreased  Increased 

Annual Increasee Decreasee Increasee Increasee 
Notes: 17 
(a) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016; 18 
Marengo et al., 2016) 19 
(b) (Chou et al., 2014a; Ruscica et al., 2016b; Marengo et al., 2017) 20 
(c) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016; 21 
Marengo et al., 2017) 22 
(d) (Chou et al., 2014a; Ruscica et al., 2016a; Marengo et al., 2017) 23 
(e) (Coppola et al., 2014a; LYRA et al., 2016; Marengo et al., 2017; Zaninelli et al., 2019b) 24 
 25 
[END TABLE ATLAS.A.6 HERE] 26 
 27 
 28 
[START Table Atlas.A.7 HERE] 29 
 30 
Table Atlas.A.7: As Table Atlas.A.3, but for the South America SWS region.  31 
 32 
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Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Decrease or 
increasea 

Decrease or 
increasea 

Increasea Increasea 

MAM  Decreaseb  Increaseb 

JJA Decreasec Decreasec Increasec Increasec 

SON  Decreased  Increased 

Annual Decreasee Decrease or 
increasee 

Increasee Increasee 

Notes: 1 
(a) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; Cabré et al., 2016) 2 
(b) (Cabré et al., 2016; Ruscica et al., 2016a) 3 
(c) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; Cabré et al., 2016) 4 
(d) (Cabré et al., 2016; Ruscica et al., 2016a) 5 
(e) (Coppola et al., 2014a; Barros et al., 2015; LYRA et al., 2016) 6 
 7 
[END TABLE ATLAS.A.7 HERE] 8 
 9 
 10 
[START TABLE ATLAS.A.8 HERE] 11 
 12 
Table Atlas.A.8: As Table Atlas.A.3, but for the South America SES region.  13 
 14 
Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Decrease or 
increasea 

Increasea Increasea Increasea 

MAM  Increaseb  Increaseb 

JJA Decrease or 
increasec 

Decrease or 
increasec 

Increasec Increasec 

SON  Decrease or 
increased 

 Increased 

Annual Decrease or 
increasee 

Decrease or 
increasee 

Increasee Increasee 

Notes: 15 
(a) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016; 16 
Mourão et al., 2016; Maenza et al., 2017) 17 
(b) (Chou et al., 2014a; Ruscica et al., 2016a) 18 
(c) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014; LYRA et al., 2016; 19 
Mourão et al., 2016) 20 
(d) (Chou et al., 2014a; Cabré et al., 2016; Ruscica et al., 2016a) 21 
(e) (Coppola et al., 2014a; Barros et al., 2015; LYRA et al., 2016) 22 
 23 
[END Table Atlas.A.8 HERE] 24 
 25 
 26 
[START Table Atlas.A.9 HERE] 27 
 28 
Table Atlas A.9: As Table Atlas.A.3, but for the South America SSA region.  29 
 30 
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Season Climate variables changes 

 Precipitation 
GCMs 

Precipitation 
RCMs 

Temperature 
GCMs 

Temperature 
RCMs 

DJF Decreasea Decrease or 
increasea 

Increasea Increasea 

MAM  Increaseb  Increaseb 

JJA Decrease or 
increasec 

Decrease or 
increasec 

Increasec Increasec 

SON  Decreased  Increased 

Annual Decrease or 
increasee 

Decrease or 
increasee 

Increasee Increasee 

Notes: 1 
(a) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014) 2 
(b) (Cabré et al., 2016) 3 
(c) (Chou et al., 2014a; Coppola et al., 2014a; Llopart et al., 2014a, 2019; Reboita et al., 2014) 4 
(d) (Cabré et al., 2016) 5 
(e) (Coppola et al., 2014a; Barros et al., 2015; Zaninelli et al., 2019b) 6 
(f) (Chou et al., 2014; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 7 
 8 
[END TABLE ATLAS.A.9 HERE] 9 
 10 
 11 
  12 
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Figures 1 
 2 

 3 
 4 
 5 
Figure Atlas.1: The main components of the Atlas Chapter with, bottom right, a screen-shot from the online 6 

Interactive Atlas. 7 
 8 
  9 
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 1 

 2 
 3 

Figure Atlas.2: Reference AR5 (a) and AR6 (b) WGI regions (Iturbide et al., submitted). The latter includes both land 4 
and ocean regions and it is used as the standard for the regional analysis of atmospheric variables in 5 
the Atlas Chapter and Interactive Atlas. The definition of the regions and companion notebooks and 6 
scripts are available at the ATLAS GitHub (reference-regions section) (Atlas GitHub, 2020). 7 

 8 
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 1 

 2 
Figure Atlas.3: Number of land gridboxes (blue number) for the (a) AR6 and (b) AR5 reference regions for the 3 

representative grid-boxes of the CMIP6 (1° horizontal resolution) and CMIP5 (2° horizontal 4 
resolution) model outputs. Colour shading indicate regions with fewer than 250 grid-boxes (darkest 5 
shading if fewer than 20 grid-boxes). The polygons in the figures show the climate reference regions 6 
shown in Figure Atlas.2:; adapted from Iturbide et al. (submitted). This figure can be reproduced from 7 
the ATLAS GitHub (reference regions and grids sections) (Atlas GitHub, 2020).  8 
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Figure Atlas.4: Ten oceanic regions defined by their biological activity used for the regional analysis of oceanic 3 

variables in the Interactive Atlas. 4 
 5 
  6 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-184 Total pages: 251 

 1 
Figure Atlas.5: Land monsoon regions of North America (NAM), South America (SAM), Africa (WAM), Asia 2 

(SASM and EAM) and Australasia (AUSMC). These regions can be used alternatively to the 3 
reference regions for the regional analysis of atmospheric variables in the Interactive Atlas. 4 
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Figure Atlas.6: CORDEX-SEA subregions based on historical rainfall climatology and variability (Juneng et al., 3 

2016). 4 
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 2 
Figure Atlas.7: Left: Number of stations per 0.5 x 0.5 grid cell reported over the period of 1901–1910, 1971–1980, 3 

and 2001–2010 (top 1-3) and global total number of stations reported over the entire globe for 4 
precipitation for CRU TS4.0 dataset (bottom). Right: same as left except the HadSST3 dataset.  5 
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Figure Atlas.8: Relationship between gridded precipitation dataset and three classes of input data; station, satellite and 3 

reanalysis. Input datasets are shown in green, blue shows gridded datasets that are used as input to 4 
others shown in orange. (Indasi, 2019) 5 
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 2 
Figure Atlas.9: Differences in precipitation values in the different observation datasets in Southeast Asia (from 3 

Juneng et al., 2016). 4 
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Figure Atlas.10: Similar to Figure Atlas.9: but for Africa. 3 
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Figure Atlas.11: CORDEX domains and the topography corresponding to 0.44º resolution.  4 
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 4 
Figure Atlas.12: Evaluation (relative bias) of precipitation-based diagnostics shown separately for the three European 5 

subdomains NEU, CEU and MED for reanalysis- and historical GCM-driven RCM simulations 6 
showing annual and seasonal results (as shown in the legend). The colour matrices show the mean 7 
spatial biases of the different diagnostics (in rows) and columns are organized in blocks corresponding 8 
to each of the GCMs (blue labels, including ERA-Interim in first place slightly separated) together 9 
with their coupled RCMs (black labels). This allows to compare the bias of the RCM with that of the 10 
driving GCM. All diagnostic biases are relative with respect to the observational reference 11 
(EWEMBI).  12 
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Box Atlas.1, Figure 1: Nine domains used for global coverage in CORDEX CORE; see Figure Atlas.11: for the full list 4 
of CORDEX domains (Teichmann et al., submitted).  5 

 6 
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Box Atlas.1, Figure 2: Temperatures (left) and precipitation (right) climate change signals at the end of the century 4 
(2070-2099) for the entire CMIP5 ensemble (box-whisker plots) and the CORDEX-CORE 5 
driving GCMs of the respective CORDEX-CORE results in the SAS (South Asia) reference 6 
regions. The driving GCMs with low, medium and high equilibrium climate sensitivity are 7 
plotted as gray triangles pointing upwards, circle and triangle pointing downwards, 8 
respectively and the corresponding RCM results are drawn using the same symbols as before, 9 
but in orange for REMO and in blue for RegCM (Teichmann et al., submitted).  10 
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Figure Atlas.13: Observed trends of annual mean surface air temperature (left-hand column) and precipitation (right-4 

hand column) – see Section Atlas.3 for details of the datasets. Observed linear trends are calculated 5 
for the common 1980–2014 period from three different datasets and are expressed as ºC per decade 6 
and relative change (with respect to the climatological value) per decade, respectively. Hatching 7 
indicates regions where trends are not significant (at a 0.1 significance level) and the black lines mark 8 
out the reference regions defined in Section Atlas.2. 9 
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Figure Atlas.14: Consensus on the observed trends from the three observational datasets shown in Figure Atlas.13: 4 

(CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for precipitation). 5 
Hatching indicates regions where no or only one dataset provides a significant trend. Linear trends are 6 
calculated for the common 1980–2014 period and expressed in °C per decade (temperature) and % 7 
relative change per decade (precipitation) with respect to the climatological mean over this period. 8 
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 4 
Figure Atlas.15: Future projected changes of annual mean surface air temperature in the CMIP5 (left-hand column) 5 

and CMIP6 (right-hand column) ensembles. Projected changes are calculated as the climatology 6 
differences for near-term (2021–2040), medium-term (2041–2060) and long-term (2081–2100) 7 
periods for the emissions scenario RCP8.5 (SSP5-8.5 for CMIP6) with respect to the historical (1986–8 
2005) period; values are expressed as ºC. Hatching indicates lack of model agreement (less than 80% 9 
of agreement; as defined in Nikulin et al., 2018) and the black lines mark out the reference regions 10 
defined in Section Atlas.2. Similar analysis for other indices and scenarios (including warming levels) 11 
are available at the Interactive Atlas (http://ipcc-atlas.ifca.es).  12 
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 4 
Figure Atlas.16: Global temperature changes projected for mid century (left-hand column) under RCP4.5 (top) and 5 

RCP8.5 (bottom) compared to, in the right column, a global mean warming level of 2°C (top) and at 6 
the end of the century under RCP8.5 emissions (bottom) from an ensemble of nine CMIP5 GCMs. 7 
Note that the future period warmings are calculated against a baseline period of 1986–2005 whereas 8 
the global mean warming level is defined with respect to a ‘pre-industrial’ baseline of 1861–1890. 9 
Thus, the other three RCP-based maps would show greater warmings with respect to this earlier 10 
baseline. 11 
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Figure Atlas.17: Global average surface air temperature increases projected by nine CMIP5 models under the RCP8.5 3 

emissions scenario from 2005 to 2100 relative to a 1986–2005 baseline. 4 
 5 
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 4 
Figure Atlas.18: Future projected changes of annual mean precipitation in the CMIP5 (left-hand column) and CMIP6 5 

(right-hand column) ensembles. Projected changes are calculated as the climatology differences for 6 
near-term (2021-2040), medium-term (2041-20160| and long-term (2081-2100) periods for the 7 
emissions scenario RCP8.5 (SSP5-8.5 for CMIP6) with respect to the historical period (1986-2005); 8 
values are expressed relative differences (%). Hatching indicates lack of model agreement (less than 9 
80% of agreement; as defined in Nikulin et al., 2018) and the black lines mark out the reference 10 
regions defined in Section Atlas.2. Similar analysis for other indices and scenarios (including 11 
warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 12 
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Figure Atlas.19: Global precipitation changes projected at 2°C global mean warming compared to pre-industrial levels 4 

(left) and for 2081–2100 under RCP8.5 emissions compared to the 1986–2005 period (right) from an 5 
ensemble of nine CMIP5 GCMs. Regions are stippled where less than six out of the nine models agree 6 
on the sign of the change (noting that this assessment does not take into account whether the 7 
individual models’ projected changes are significant). 8 
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Figure Atlas.20: Changes in annual mean surface air temperature and precipitation averaged over global land (left) and 3 

the global oceans (right). The top two rows show the median (dots) and 10th–90th percentile range 4 
across each model ensemble for temperature and precipitation changes respectively, for two datasets 5 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 6 
represent the additional warming projected relative to the historical baseline period of 1995-2014 to 7 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six the projected 8 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–9 
2100) compared to this same historical baseline period.  10 
The bottom row shows scatter diagrams of temperature against precipitation changes, displaying the 11 
median (dots) and 10th–90th percentile ranges for four future periods (2021–2040, 2041–2060, 2061–12 
2080, 2081–2100) compared to the historical baseline period, as obtained from CMIP6 projections for 13 
three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes are absolute for temperature and relative 14 
for precipitation. (The script used to generate this figure is available online (Atlas GitHub, 2020) and 15 
similar results can be generated in the Interactive Atlas for flexibly defined seasonal periods.) 16 
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Figure Atlas.21: Influence of major modes of variability on regional extreme events relevant to assessing multi-hazard 4 
resilience (Steptoe et al., 2018). Ribbon colours define the driver from which they originate and their 5 
width is proportional to the correlation. Hatching represent where there is conflicting evidence for a 6 
correlation or where the driver is not directly related to the hazard and dots represent drivers that have 7 
both a positive and negative correlation with the hazard. 8 
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 4 

Figure Atlas.22: Projected changes in sea surface temperature (top), ocean pH (middle) and dissolved oxygen (bottom) 5 
for 2081–2100 under the RCP4.5 (left-hand column) and 8.5 (right-hand column) emissions compared 6 
to a 1986–2005 baseline period from an ensemble of nine CMIP5 GCMs. Regions are stippled where 7 
less than six out of the nine models do not agree on the sign of the change (noting that this assessment 8 
does not take into account whether the individual models’ projected changes are significant) 9 
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 4 
Figure Atlas.23: Projected changes in the number of days per year in which the maximum temperature exceeds 35°C 5 

from an ensemble of nine CMIP5 GCMs (the ensemble mean is considered in all cases). The 6 
top/bottom rows correspond to a future mid-term period 2046–2065 (compared to 1986–2005) under 7 
the RCP4.5/8.5 emissions scenarios respectively considering the raw model data (left-hand column) 8 
and bias adjusted (EQM method) data (right-hand column). Regions are stippled where less than six 9 
out of the nine models agree on the sign of the change (noting that this assessment does not take into 10 
account whether the individual models’ projected changes are significant). [The Interactive Atlas 11 
shows the results for two alternative bias correction methods; see Annex VII for more details.] 12 
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Figure Atlas.24: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 4 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 5 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 6 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 7 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 8 
over this period.  9 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 10 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 11 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 12 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 13 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 14 
2018). 15 
(g–n) Regional mean changes in annual mean surface air temperature and precipitation for the eight 16 
African regions (MED, SHA, WAF, CAF, NEAF, CEAF, SWAF and SEAF). The top row shows the 17 
median (dots) and 10th–90th percentile range across each model ensemble for annual mean 18 
temperature changes, for two datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and 19 
SSP5-8.5/RCP8.5). The first four bars represent the additional warming projected relative to the 20 
historical baseline 1995–2014 period to reach the two global warming levels (GWL; +1.5°C and 21 
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+2°C) and the remaining six projected changes over three time periods (near-term 2021–2040, mid-1 
term 2041–2060 and long-term 2081–2100) compared to this same historical baseline period. The 2 
bottom row shows scatter diagrams of temperature against precipitation changes, displaying the 3 
median (dots) and 10th–90th percentile ranges for four future periods (2021–2040, 2041–2060, 2061–4 
2080, 2081–2100) compared to the historical baseline period, as obtained from CMIP6 projections for 5 
three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes are absolute for temperature and relative 6 
for precipitation.  7 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 8 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 9 
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Figure Atlas.25: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018). 14 
(g) Regional mean changes in annual mean surface air temperature and precipitation for the East 15 
Asian region. The left plot shows the median (dots) and 10th–90th percentile range across each model 16 
ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) and two 17 
scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the additional 18 
warming projected relative to the historical baseline 1995–2014 period to reach the two global 19 
warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three time 20 
periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 21 
same historical baseline period. The right plot shows a scatter diagram of temperature against 22 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 23 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 24 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 25 
are absolute for temperature and relative for precipitation.  26 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 27 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 28 
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 4 

Figure Atlas.26: Time series of East Asian Summer Monsoon index (21-year running mean) over 1900-2100. 5 
Historical (gray), SSP5-85 (red) simulations by 12 CMIP6 model ensembles are shown in 10th and 6 
90th (shading), and 50th (thick line) percentile. The index is defined as normalized June-July-August 7 
sea level pressure difference between 110°E and 160°E from 10°N to 50°N (Wang et al., 2008).  8 
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Figure Atlas.27: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
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1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 1 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 2 
2018). 3 
(g–h) Regional mean changes in annual mean surface air temperature and precipitation for the two 4 
Middle East Asia regions (WCA and ARP). The top row shows the median (dots) and 10th–90th 5 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 6 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 7 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 8 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 9 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–10 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 11 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 12 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 13 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-14 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  15 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 16 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 17 
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Figure Atlas.28: Seasonal air temperature (°C, blue to red) and precipitation (mm day–1, pale green to blue) for the 6 

domain centred over Central Asia for the period 1981–2000, for ERA-Interim dataset (ERA; a–d), 7 
RegCM4.3.5 driven by the ERA-Interim (MOD; e–h) and CRU observational dataset (OBS; i–l), for 8 
spring (a, e, i), summer (b, f, j), autumn (c, g, k) and winter (d, h, l) seasons (Ozturk et al., 2017).  9 
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Figure Atlas.29: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
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average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 1 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 2 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 3 
2018). 4 
(g–j) Regional mean changes in annual mean surface air temperature and precipitation for the four 5 
North Asia regions (RAR, WSB, ESB and RFE). The top row shows the median (dots) and 10th–90th 6 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 7 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 8 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 9 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 10 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–11 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 12 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 13 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 14 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-15 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  16 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 17 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 18 
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Figure Atlas.30: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018). 14 
(g) Regional mean changes in annual mean surface air temperature and precipitation for the Southeast 15 
Asia region. The left plot shows the median (dots) and 10th–90th percentile range across each model 16 
ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) and two 17 
scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the additional 18 
warming projected relative to the historical baseline 1995–2014 period to reach the two global 19 
warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three time 20 
periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 21 
same historical baseline period. The right plot shows a scatter diagram of temperature against 22 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 23 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 24 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 25 
are absolute for temperature and relative for precipitation.  26 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 27 
be generated in the Interactive Atlas for flexibly defined seasonal periods.)  28 
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Figure Atlas.31: Similarity index omega between the different CORDEX-SEA historical simulations for different 5 
temperature-based (a-e) and precipitation extreme indices (f-h) (from Ngo-Duc et al., 2017). 6 
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Figure Atlas.32: The projected changes in mean precipitation expressed as a percentage (%) relative to the mean in the 4 

historical period. Hatching indicates the changes are significant at 95% level above random noise 5 
while dots are showing robustness at 95% (Tangang et al., submitted).  6 
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Figure Atlas.33: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
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CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 1 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 2 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 3 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 4 
2018). 5 
(g–h) Regional mean changes in annual mean surface air temperature and precipitation for the Tibetan 6 
Plateau and South Asia. The top row shows the median (dots) and 10th–90th percentile range across 7 
each model ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) 8 
and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the 9 
additional warming projected relative to the historical baseline 1995–2014 period to reach the two 10 
global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three 11 
time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 12 
same historical baseline period. The bottom row shows scatter diagrams of temperature against 13 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 14 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 15 
as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 16 
are absolute for temperature and relative for precipitation.  17 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 18 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 19 
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Figure Atlas.34: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018).  14 
(g-j) Regional mean changes in annual mean surface air temperature and precipitation for the four 15 
Australasian regions (NAU, CAU, SAU and NZ). The top row shows the median (dots) and 10th–90th 16 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 17 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 18 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 19 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 20 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–21 
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2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 1 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 2 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 3 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  5 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 6 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 7 
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Figure Atlas.35: Observed trends in temperature and rainfall for Australia and New Zealand from high-quality regional 3 

datasets; Left: time series of anomalies from 1961-1990 average, Australian northern wet season is 4 
Oct-Apr and southern wet season is Apr-Oct (adapted from BoM and CSIRO 2018); Centre: maps 5 
show annual linear trends for 1970-2019 for temperature to illustrate warming minimum in northwest 6 
Australia in this period, 1950-2019 in mean annual rainfall; right: New Zealand mean annual 7 
temperature from NIWA, maps show trends in summer and winter rainfall in 1979 to 2006 in the 8 
NIWA climate database taken from (Ummenhofer et al., 2009). 9 

 10 
  11 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-222 Total pages: 251 

 1 

 2 
Figure Atlas.36: Domains of notable regional dynamical downscaling studies in Australasia offering the potential for 3 

regional added value in climate change projections. NIWA projections for New Zealand (red), 4 
NARCliM work for eastern Australia (purple) and southwest Western Australia regional projections 5 
(black) use limited area models and the entire model domain is shown, Victorian Climate Projections 6 
2019 (green), Queensland (brown), Climate Futures for the Alps (light brown) and Climate Futures 7 
for Tasmania (blue) use stretched-grid global models and the high-resolution domain is shown. 8 
Surface height is indicated by the colour scale, showing studies are generally focused on areas of 9 
notable topographic features, where cases of ‘added value’ in temperature and rainfall projections 10 
were found.  11 
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Figure Atlas.37: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.  8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018). 14 
(g–i) Regional mean changes in annual mean surface air temperature and precipitation for the three 15 
Central American regions (NCA, SCA and CAR). The top row shows the median (dots) and 10th–16 
90th percentile range across each model ensemble for annual mean temperature changes, for two 17 
datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first 18 
four bars represent the additional warming projected relative to the historical baseline 1995–2014 19 
period to reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six 20 
projected changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 21 
2081–2100) compared to this same historical baseline period. The bottom row shows scatter diagrams 22 
of temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 23 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 24 
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historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-1 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  2 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 3 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 4 
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(b) 3 

 4 
 5 
 6 
Figure Atlas.38: Local robust trends estimated annually for the 1969–2009 period for (a) cold nights (upper left), cold 7 

days (upper right), warm nights (bottom left) and warm days (bottom right) and (b) for annual total 8 
rainfall (upper left), very wet days (upper central), extremely wet days (upper right), annual maximum 9 
consecutive 5-day precipitation (bottom left), annual maximum 1-day precipitation (bottom central) 10 
and consecutive dry days (bottom right). (Skansi et al., 2013) 11 
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 1 
Figure Atlas.39: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 2 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 3 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 4 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 5 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 6 
over this period.  7 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 8 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 9 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 10 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 11 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 12 
2018). 13 
(g–m) Regional mean changes in annual mean surface air temperature and precipitation for the seven 14 
South American regions (NWS, NSA, SAM, NES, SWS, SES and SSA). The top row shows the 15 
median (dots) and 10th–90th percentile range across each model ensemble for annual mean 16 
temperature changes, for two datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and 17 
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SSP5-8.5/RCP8.5). The first four bars represent the additional warming projected relative to the 1 
historical baseline 1995–2014 period to reach the two global warming levels (GWL; +1.5°C and 2 
+2°C) and the remaining six projected changes over three time periods (near-term 2021–2040, mid-3 
term 2041–2060 and long-term 2081–2100) compared to this same historical baseline period. The 4 
bottom row shows scatter diagrams of temperature against precipitation changes, displaying the 5 
median (dots) and 10th–90th percentile ranges for four future periods (2021–2040, 2041–2060, 2061–6 
2080, 2081–2100) compared to the historical baseline period, as obtained from CMIP6 projections for 7 
three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes are absolute for temperature and relative 8 
for precipitation.  9 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 10 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 11 
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Figure Atlas.40: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 4 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 5 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 6 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 7 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 8 
over this period.  9 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 10 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 11 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 12 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 13 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 14 
2018). 15 
(g–j) Regional mean changes in annual mean surface air temperature and precipitation for the four 16 
European regions (NEU, CEU, MED and EEU). The top row shows the median (dots) and 10th–90th 17 
percentile range across each model ensemble for annual mean temperature changes, for two datasets 18 
(CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 19 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 20 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 21 
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changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–1 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 2 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 3 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 4 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-5 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  6 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 7 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 8 
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 3 
Figure Atlas.41: Regional mean changes in seasonal mean temperature and precipitation for DJF and JJA for the 4 

European regions NEU, CEU, EEU and MED for CMIP5 and a subset of CMIP6. Left 2 columns 5 
show absolute temperature and relative precipitation change for 3 emission scenarios and 4 20-year 6 
time slices between 2020 and 2100 relative to 1995-2014; right 2 columns show the change 7 
normalized by the global mean annual mean temperature change. Horizontal and vertical error bars 8 
represent the 10% and 90% percentile value from the mean values calculated across the ensemble of 9 
included models. See text for details. Results are generated with the Interactive Atlas (http://ipcc-10 
atlas.ifca.es, system version 24 January 2020).  11 
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 3 
Figure Atlas.42: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 4 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 5 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 6 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 7 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 8 
over this period.  9 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 10 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 11 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 12 
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1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 1 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 2 
2018). 3 
(g–k) Regional mean changes in annual mean surface air temperature and precipitation for the five 4 
North American regions (NWN, NEC, WNA, CNA and ENA). The top row shows the median (dots) 5 
and 10th–90th percentile range across each model ensemble for annual mean temperature changes, for 6 
two datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The 7 
first four bars represent the additional warming projected relative to the historical baseline 1995–2014 8 
period to reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six 9 
projected changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 10 
2081–2100) compared to this same historical baseline period. The bottom row shows scatter diagrams 11 
of temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 12 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 13 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-14 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  15 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 16 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 17 
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Figure Atlas.43: Grid box trends (mm yr-1) in annual maximum snow depth for cold season periods of 1960/1961 to 4 

2014/2015. (top) Numbers indicate number of stations available in that grid box. (bottom) Boxes with 5 
‘x’ indicate statistically significant trends at the p < 0.05 level of significance (Vose et al., 2017). 6 
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 2 
Figure Atlas.44: Changes in the annual mean surface air temperature (top) and precipitation (bottom) by three GCMs 3 

(GFDL ESM2M, MPI ESM-LR, HadGEM2-ES) and two RCMs (WRF and RegCM4) nested in the 4 
GCMs.  5 
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Figure Atlas.45: a) Surface air temperature (SAT) and sea surface temperature (SST) change over the 1979–2014 7 
period based on observational records (Jones et al., 2016a). b) Air temperature change during the 8 
1995–2014 period based on EWEMBI data (from Interactive Atlas available at http://ipcc-9 
atlas.ifca.es). Thin black lines denote WAN and EAN, the two main reference regions as used in the 10 
Interactive Atlas for Antarctica. 11 
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Figure Atlas.46:  Maps of Antarctic mean surface mass balance from Polar CORDEX forced by ERA-Interim 3 

reanalysis (taken from Mottram et al. (submitted)). The models are MetUM, COSMO-CLM2, 4 
RACMO2.1p, HIRHAM, MAR v3.10 and RACMO2.3p2. The period is 1980 to 2010 with the 5 
exception of COSMO-CLM2 where the time series starts in 1987. 6 
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 2 
Figure Atlas.47:  (a–d) Climate change projections of annual mean surface air temperature and precipitation from 3 

CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 4 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 5 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 6 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 7 
2018). 8 
(e–f) Regional mean changes in annual mean surface air temperature and precipitation for the two 9 
Antarctic regions (WAN and EAN). The top row shows the median (dots) and 10th–90th percentile 10 
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range across each model ensemble for annual mean temperature changes, for two datasets (CMIP5 1 
and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars 2 
represent the additional warming projected relative to the historical baseline 1995–2014 period to 3 
reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected 4 
changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–5 
2100) compared to this same historical baseline period. The bottom row shows scatter diagrams of 6 
temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 7 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 8 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-9 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.  10 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 11 
be generated in the Interactive Atlas for flexibly defined seasonal periods.) 12 

 13 
  14 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-239 Total pages: 251 

 1 

 2 
Figure Atlas.48: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.    8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018).  14 
(g–k) Regional mean changes in annual mean surface air temperature and precipitation for the five 15 
Arctic regions (ARO, RAR, GIC, NEC and NWN). The top row shows the median (dots) and 10th–16 
90th percentile range across each model ensemble for annual mean temperature changes, for two 17 
datasets (CMIP5 and CMIP6) and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first 18 
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four bars represent the additional warming projected relative to the historical baseline 1995–2014 1 
period to reach the two global warming levels (GWL; +1.5°C and +2°C) and the remaining six 2 
projected changes over three time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 3 
2081–2100) compared to this same historical baseline period. The bottom row shows scatter diagrams 4 
of temperature against precipitation changes, displaying the median (dots) and 10th–90th percentile 5 
ranges for four future periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the 6 
historical baseline period, as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-7 
4.5 and SSP5-8.5). Changes are absolute for temperature and relative for precipitation.   8 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 9 
be generated in the Interactive Atlas for flexibly defined seasonal periods.)    10 
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Figure Atlas.49: (a–b) Mean observed trends of annual mean surface air temperature and precipitation for three 3 

datasets (CRU TS, BERKELEY and EWEMBI for temperature; CRU TS, GPCC and GPCP for 4 
precipitation). Hatching indicates regions where no or only one dataset provides a significant trend. 5 
Linear trends are calculated for the common 1980–2014 period and expressed in °C per decade 6 
(temperature) and % relative change per decade (precipitation) with respect to the climatological mean 7 
over this period.   8 
(c–f) Climate change projections of annual mean surface air temperature and precipitation from 9 
CMIP5 (30 models) and CMIP6 (17 models) calculated as the differences in the climatological 10 
average for RCP8.5 and SSP5-8.5 respectively, for the period 2041–2060 with respect to the historical 11 
1995–2014 period and expressed as °C (temperature) and % relative change (precipitation). Hatching 12 
indicates weak model agreement on the sign of the change (less than 80% as defined in Nikulin et al., 13 
2018).  14 
(g–h) Regional mean changes in annual mean surface air temperature and precipitation for the Tibetan 15 
Plateau and South Asia. The top row shows the median (dots) and 10th–90th percentile range across 16 
each model ensemble for annual mean temperature changes, for two datasets (CMIP5 and CMIP6) 17 
and two scenarios (SSP1-2.6/RCP2.6 and SSP5-8.5/RCP8.5). The first four bars represent the 18 
additional warming projected relative to the historical baseline 1995–2014 period to reach the two 19 
global warming levels (GWL; +1.5°C and +2°C) and the remaining six projected changes over three 20 
time periods (near-term 2021–2040, mid-term 2041–2060 and long-term 2081–2100) compared to this 21 
same historical baseline period. The bottom row shows scatter diagrams of temperature against 22 
precipitation changes, displaying the median (dots) and 10th–90th percentile ranges for four future 23 
periods (2021–2040, 2041–2060, 2061–2080, 2081–2100) compared to the historical baseline period, 24 
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as obtained from CMIP6 projections for three scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5). Changes 1 
are absolute for temperature and relative for precipitation.  2 
(The script used to generate this figure is available online (Atlas GitHub, 2020) and similar results can 3 
be generated in the Interactive Atlas for flexibly defined seasonal periods.)  4 
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Figure Atlas.50: Conceptual flow diagram of relevant snow-on-sea-ice processes.  5 
 6 
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Figure Atlas.51: The Interactive Atlas incorporates different visualisations to present climate information such as 5 
standard spatial maps (top) and time series (middle), but also more modern visual representations like 6 
the (piled) stripes plots (bottom). These examples correspond to CMIP6 annual mean temperature for 7 
the SSP5-8.5 scenario. The spatial map shows the climate change signal for the long-term period 8 
(2081–2100) with respect to the 1995–2014 baseline period. Regional information – for the 9 
aggregated European regions selected in the map – for both the historical and future periods are 10 
displayed using time series (middle panel, historical 1950–2014 period in grey and 2015–2100 11 
projections in red) and, alternatively, as a stripe plot formed by the piled stripes of the different 12 
models (this figure illustrates a strong warming pattern emerging from the interannual and model 13 
variability).  14 
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Figure Atlas.52: Mean European June-July-August surface temperature change between the 1970–1999 and 2070–4 
2099 periods for RCP8.5 using an ensemble of CMIP5 GCMs (black), a subset of these used to drive 5 
an ensemble of RCMs (green) and the RCMs (red). (Source: Boé et al., submitted).  6 
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Figure Atlas.53: Screenshots from the Interactive Atlas showing the main interface and WGI Reference regions (top 5 

map) and various formats for displaying summary information over the reference regions (bottom five 6 
graphics panels). Other details of model ensembles, resolutions etc are displayed in the text of the 7 
figure. 8 
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Figure Atlas.54: A screenshot illustrating the main window of the AR6 WGI Interactive Atlas, which displays a global 3 

map of the climate change signal for annual mean temperature from the CMIP6 dataset for the long-4 
term future period (2081-2100) using the AR6 baseline (1995-2014). The main controls at the top of 5 
the window allow selecting the dataset (CMIP6, CMIP5 or different CORDEX domains, at 2º, 1º and 6 
0.5º horizontal resolution, respectively), variable (atmospheric and oceanic variables and indices), 7 
scenario (currently SSP1-2.6, 2-4.5 and 5-8.5 –or RCP2.6, 4.5 and 8.5– for different time slices and 8 
1.5º, 2º and 3º warming levels) and season (annual, standard seasons and user-defined ones). Regional 9 
information for a particular region can be obtained interactively by clicking on the map over one or 10 
several sub-regions; see Figure Atlas.55:). Note that the full URL (as copied from the browser) tracks 11 
all the information of the current choice (a short ‘review code’ can be obtained as shown in the 12 
figure).  13 
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Figure Atlas.55: Regional information for a selected region (the Mediterranean) in the form of a time series for a mid-6 

term time slice (top) and a 2ºC warming level (bottom). Note that the corresponding periods are 7 
indicated with grey shading (with intensity proportional to the number of models including each 8 
particular year for the case of the warming levels). Fine granularity is provided by hovering over a 9 
particular point, obtaining information of particular models. These figures have been exported directly 10 
from the Interactive Atlas (as bitmap or PDF files).  11 
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Figure Atlas.56: Schematic representation of the generation workflow, from database description, subsetting and data 5 
transformation to final graphical product generation (maps and plots). Product-dependent workflow 6 
steps are depicted with dashed borders. METACLIP specifically considers the different intermediate 7 
steps consisting of various data transformations, bias adjustment, climate index calculation and 8 
graphical product generation, providing a semantic description of each stage and the different 9 
elements involved. The different controlled vocabularies describing each stage are indicated by the 10 
colors. The gradient indicates that both ipcc_terms and datasource vocabularies are involved, usually 11 
meaning that specific individual instances have been defined in ipcc_terms extending generic classes 12 
of datasource. Both datasource and ipcc_terms vocabularies, dealing with the primary data sources, 13 
have specific annotation properties linking their own features with the CMIP5, CMIP6 and CORDEX 14 
Data Reference Syntax, taking as reference their respective controlled vocabularies. All products 15 
generated by the Interactive Atlas provide a METACLIP provenance description, including a 16 
persistent link to a reproducible source code under version control. 17 

 18 
  19 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-250 Total pages: 251 

 1 

 2 
 3 
Figure Atlas.57: Screenshot of the METACLIP Interpreter for provenance visualization (metaclip.org), displaying the 4 

provenance of a temperature anomaly map downloaded from the Interactive Atlas as a PNG file with 5 
attached METACLIP metadata (METACLIP export option). The blow-up shows a specific dataset 6 
(CMIP5 RcP8.5) used to produce the map. It shows details about the dataset provenance such as its 7 
DOI identifying the source of data, the experiment (RCP 8.5), the modelling centre, GCM 8 
information, data provider and associated Project (CMIP5). The interface allows the user to expand 9 
the detail of information if needed by clicking in each of the nodes and reading the metadata in the left 10 
panel. It is also possible zooming in/out, scrolling and saving a user-defined position of the graph. 11 

 12 
  13 



Second Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-251 Total pages: 251 

 1 

 2 
 3 
FAQ Atlas.4, Figure 1: Screenshot of the GitHub repository containing the scripts and results of the warming level 4 

calculations for CMIP5 and CMIP6 models, together with some sensitivity studies to the 5 
effect of the length of the moving window. 6 

 7 


