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Executive Summary  1 

 2 

Regional statements 3 

 4 

Africa 5 

 6 

Future temperature increases over most of Africa are likely to increase more than the global mean. 7 

 8 

Projected changes in average precipitation are uncertain across many parts of the African continent. 9 

 10 

Most areas of Africa lack sufficient observational data to draw conclusions about long-term precipitation 11 

trends and in many regions there are discrepancies between observed datasets. 12 

 13 

There has been a significant increase in research on climate change over Africa and by African 14 

scientists. 15 

 16 

East Asia 17 

 18 

There is low confidence that the East Asian monsoon has weakened given the nature and quality of the 19 

evidence.   20 

  21 

Consistent model projections of a warming trend for both mean temperature and extreme events 22 

indicate it is likely that these will continue over East Asia although the magnitude of projected changes is 23 

largely model dependent.  24 

 25 

Climate projections show more increased severe precipitation extreme events and more long-duration 26 

drought events with the increase in temperature in East Asia, although internal variability and model 27 

uncertainties cause large differences among different simulations, especially at regional and seasonal scales 28 

 29 

Regional climate models (RCMs) simulate patterns and magnitude of temperature and precipitation 30 

extremes over East Asia reasonably well, although RCMs still show some large biases in simulating East 31 

Asian climatology and variability and the performance is largely model dependent. 32 

 33 

CORDEX-EA models reasonably capture the observed climatological spatial distribution and 34 

interannual variability of tropical cyclone over the western North Pacific. 35 

 36 

Regional climate models over East Asia can reproduce more realistic regional climate characteristics, 37 

but they do not always show added value compared to their driving GCMs.  38 
  39 
Southeast Asia 40 
 41 
There is an increasing trend in mean temperature and extreme maximum and minimum temperatures 42 

and an overall increase in the frequency of warm nights and a decrease in the frequency of cold days 43 

and nights over Southeast Asia, which is consistent with AR5 findings.  44 
 45 
There is a decreasing trend in seasonal and mean annual rainfall although changes in mean precipitation 46 

is less spatially coherent over Southeast Asia.  47 
 48 
While annual precipitation and precipitation events in general have declined in Southeast Asia, there 49 

is an increasing trend in extremes and annual total wet-day rainfall. 50 

 51 

Temperature projections show a likely increase of more than 3.5°C across Southeast Asia by the end of 52 

the century under RCP8.5 and maximum increase of 2°C under RCP4.5. 53 
 54 
 55 
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South Asia 1 
 2 
Minimum and maximum daily temperatures in South Asia are increasing and winters are getting 3 

warmer faster than summer.  4 
 5 
The frequency of heavy precipitation events have increased over India while light rain events have 6 

decreased, although there is no clear evidence of changes in the seasonal mean monsoon rainfall trends and 7 

the inter-annual variability over the whole of India under a warmer climate. 8 

 9 

Summer monsoon precipitation in South Asia is likely to increase by the end of the 21st century while 10 

winter monsoons are projected to be drier.  11 
  12 
River systems are likely to experience an increase in temperatures but with greater warming in the 13 

upper basins than the lower basins and mean annual runoff is also projected to increase over South Asian 14 

rivers but with different spatial trends.  15 
  16 
Model projections all agree that temperature are expected to increase in the future over South Asia.  17 

  18 

South America  19 
  20 
There has been an increase in mean temperature (medium confidence) and increase in frequency of 21 

extreme rainfall events (medium confidence) in many areas of South America during the last decades.   22 
  23 
The ability of climate models to simulate important regional aspects has improved in many areas, such 24 

as Amazonia, and there has been substantial additional regional analysis done using regional climate models 25 

allowing for better details of future changes in climate and extremes in South America.  26 
  27 
Climate projections suggest an increase in temperature across South America and both increases and 28 

decreases in precipitation for South America by 2100 (medium confidence).  29 
  30 
Europe  31 
  32 
In most European areas it is very likely that positive trends in extreme precipitation and warm 33 

temperatures are persistent. This is documented using new datasets with homogenized observations at 34 

higher spatial and temporal resolution.   35 
  36 
Over Europe, improved observational spatial and temporal coverage allows detection of trends in 37 

additional climate variables such as oceanic temperature and salinity, radiation and winds.  38 
  39 
It is very likely that a substantial number of weather events involving extreme temperatures in Europe 40 

can be attributed to human contributions to climate change following the application of a range of 41 

method (high confidence) . 42 
  43 
[Placeholder to include headline statements on projected trends on precipitation/temperature, and on 44 

region-specific events such as Mediterranean/mountainous/oceanic features]  45 
  46 
Model representation of the climatology of European mean and extreme temperature and 47 

precipitation has improved compared to AR5 (likely), and this is aided by continuous model development, 48 

the existence of new coordinated modelling initiatives dedicated to Europe such as Euro-CORDEX and 49 

Med-CORDEX, and the release of new (high-resolution) observational data sets and reanalysis data.   50 
  51 
There is low confidence that current models are able to reproduce the trends and decadal variability of 52 

climate characteristics in Europe. Large biases still exist and, for some of these, the reasons for the 53 

differences between model and observations are well understood, while for others this is not the case.  54 
  55 
There is high confidence that state-of-the-art coupled atmosphere-ocean Regional Climate System 56 
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Models exhibit skill similar to non-coupled atmosphere-only Regional Climate Models (RCMs) in 1 

reproducing the European climate over land when driven by reanalyses. They show overall good skills 2 

to reproduce sea-surface temperature and salinity, and for some models also temperature and salinity deeper 3 

in the ocean.  4 
  5 
It is very likely that strong winter warming in Northern Europe and strong summer warming in 6 

Southern Europe will continue, also when global mean temperature increase remains limited.  7 

 8 

It is likely that the associated northern European increase in seasonal mean precipitation and reduced 9 

summer mean precipitation in southern Europe will continue.  10 
  11 
There is limited evidence that for some specific climate phenomena, high resolution, convection 12 

permitting RCMs show climate change signals that differ significantly from their driving coarser-13 

resolution GCMs and RCMs. Projections of large-scale features, for example, such as heatwaves are not 14 

changed significantly when applying convection-permitting models.  15 
  16 
An increasing number of national climate change projection programs is being carried out and these 17 

use a range of methodologies and resources to generate local-scale scenarios, making the comparison or 18 

aggregation of these national scenarios difficult due to this variety in approaches and scope.  19 

  20 

North America  21 
  22 
In most North America, it is very likely that positive trends in extreme precipitation and warm 23 

temperatures are persistent. This is documented using new datasets with homogenized observations at 24 

higher spatial and temporal resolution.   25 

 26 

Detection of trends in additional climate variables such as oceanic temperature and salinity, radiation 27 

and winds is possible over North America due to improved observational spatial and temporal coverage.  28 
  29 
It is very likely that a substantial number of weather events involving extreme precipitation and 30 

temperatures in North America has been increasing but human contribution to such events is diverse and 31 

more uncertain. 32 
  33 
Model representation of the climatology of North American mean and extreme climate condition has 34 

improved compared to AR5 (likely). This is aided by continuous model development and the existence of 35 

new coordinated modelling initiatives.   36 

 37 

Typological 38 

 39 

The Hindu Kush Himalayan mountains have shown a rising trend of extreme warm events; a falling 40 

trend of extreme cold events; and a rising trend in extreme values and frequencies of temperature-41 

based indices (both minimum and maximum) based on a 55-year period (1961–2015) global land surface 42 

daily air temperature dataset. 43 

 44 

There is a statistically significant strong rate of warming (0.03–0.09 °C yr−1) across all the seasons and 45 

RCPs projected over the Indian Himalayan region by the CORDEX South Asia regional climate models. 46 

 47 

CORDEX South Asia multi-RCMs RCP8.5 scenario climate projections over the Hindu Kush 48 

Himalayan region showed seasonal warming for the hilly sub-region within the Karakoram and north-49 

western Himalaya, with higher projected change during winter (5.4°C) than during summer monsoon 50 

season (4.9°C) by the end of 21st century although there is less agreement among RCMs on the magnitude 51 

of the projected warming over the hilly sub-regions within the central Himalaya and the south-eastern 52 

Himalaya and Tibetan Plateau. 53 

 54 

CORDEX South Asia downscaled CMIP5 experiments project in general wetter/drier conditions in 55 
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near future for western/eastern Himalayan region, except for a part of the Hindu-Kush area in 1 

western Himalayan region and this scenario gets further intensified in the far future. 2 

 3 

General statements 4 

 5 

There has been an explosion in the quantity and availability of regional climate data though with 6 

significant regional variations and without corresponding efforts to develop comprehensive guidance on their 7 

quality and applicability. 8 

 9 

There is significantly enhanced evaluation of downscaled climate data over multiple regions but with 10 

regional variations in the level of this activity and there being insufficient results available to do a globally 11 

comprehensive assessment. 12 

 13 

There are many good examples of integration of physical climate science information into adaptation 14 

policy and action as demonstrated by the case studies, taken from the broad range of those available. 15 

 16 

There has been a significant increase in the range of, especially regional, scientists, engaged in the 17 

understanding of regional climate and developing and assessing regional climate information across 18 

multiple regions often through the formation of regional teams and with significant representation from 19 

developing countries 20 

 21 

Significant improvements in technical infrastructure and open source tools and methodologies for 22 

accessing and analysing observed and simulated climate data have broadened the community able to 23 

interact with these data with a wide range of activities involved from fundamental climate research to 24 

providing inputs into assessing impacts, building resilience and developing adaptations. 25 

 26 

Tools to analyse and assess climate information have improved to allow development of information 27 

beyond averages (e.g. on future climate thresholds and extremes) and which is relevant for regional 28 

climate risk assessments 29 

 30 

Significant advances in technological tools and social methodologies in communicating science 31 

information means that scientific findings are now reaching a much broader audience, and this demands 32 

new skills of scientists to use and interact with these new opportunities for communication of their results. 33 

 34 

Whilst there have been significant increases in the range of data available and their ease of access, 35 

often there are still significant gaps in understanding the context in which they are to be used so more 36 

effort is required to develop multidisciplinary teams in relevant areas of research and practice. 37 

 38 

Calculating observed climate changes, evaluation of models and developing bias correction and 39 

downscaling is hampered by uneven distribution of observations, monitoring and poor data 40 

availability. 41 

 42 

 43 

 44 

  45 
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Atlas.1 Introduction 1 

 2 

Atlas.1.1 Purpose 3 

 4 

The Atlas serves several purposes. It expands on and integrates results from other WGI chapters and recent 5 

literature to provide summaries of observed and relevant regional/local climate phenomena, historical 6 

simulations and projected future climate change across different scales. It includes the description of an 7 

online interactive tool (the Interactive Atlas), which allows for a flexible spatial and temporal analyses of 8 

these results. One specific focus for the summaries is providing hazard information relevant to sectoral and 9 

regional chapters of the WGII report, being informed by and complementing the work of Chapter 12 in 10 

creating a bridge to Working Group II (WGII). Similarly, a specific aim of the integration is synthesising 11 

information drawn from across multiple chapters that is relevant to the WGII report and the mitigation and 12 

sectoral chapters of the Working Group III (WGIII) report. Finally, the Atlas also assesses approaches to 13 

communication of climate information, illustrated with case studies and guidance on how to interpret them. 14 

 15 

 16 

Atlas.1.2 Context and framing 17 

 18 

Information on global and regional climate change in the form of maps, tables, graphs and infographics has 19 

always been a key output of IPCC reports. With the consensus that climate has changed and will continue to 20 

do so, policy-makers are focusing more on understanding the implications which often requires an increase 21 

in regional and temporal details of observed and future climate. In response, the AR5 included in the WGI 22 

contribution a globally comprehensive coverage of land regions and some oceanic regions in the Atlas of 23 

Global and Regional Climate Projections (Annex I), focusing on projected changes in temperature and 24 

precipitation. In the WGII contribution, the Regional Context Chapter (21) included continental scale maps 25 

of observed and future temperature and precipitation changes, subcontinental changes in high percentiles of 26 

daily temperature and precipitation, and a table of changes in extremes over subcontinental regions (updating 27 

an assessment in the SREX report). However, there was only limited coordination between these two 28 

contributions despite the largely common data sources and their relevance across the two working groups 29 

and to wider communities of climate change-related policy and practice. This resulted in inefficiencies and 30 

the potential for confusing or inconsistent messages which the Atlas, with its links with other WGI/II/III 31 

chapters, is designed to address. 32 

 33 

Given the aims of the Atlas, there are several important factors to consider. There is a clear requirement for 34 

climate change information over a wide range of ‘regions’, and classes thereof, and temporal scales. There is 35 

also often the need for integrated information relevant for policy, practice and awareness raising. However, 36 

most other chapters in WGI are disciplinary, focusing on specific processes in the climate system or on its 37 

past or future behaviour, and have limited space to be spatially and temporally comprehensive. The Atlas 38 

provides an opportunity to facilitate this integration and exploration of information. 39 

 40 

Developing this information often requires a broad range of data sources (various observations, global and 41 

regionally downscaled baselines and projections) to be analysed and combined and, where appropriate, 42 

reconciled. This is a topic which is assessed from a methodological perspective in Chapter 10 using a limited 43 

set of examples. The Atlas then builds on this work with a more comprehensive treatment of the available 44 

results, including (but not exclusively) CMIP5, CMIP6 and CORDEX, to provide wider coverage and to 45 

further demonstrate techniques and issues. 46 

 47 

Generating information relevant to policy or practice requires understanding the context of the systems that 48 

they focus on. In addition to the hazards these systems face, their vulnerability and exposure, and the related 49 

socio-economic and other physical drivers, also needs to be understood. To ensure this relevance, the Atlas is 50 

informed by the assessments in Chapter 12 and the regional and thematic chapters and cross-chapter papers 51 

of WG II. It will thus focus on generating messages and information on hazards applicable to assessing risks 52 

on human and ecological systems whilst noting the potential relevance of these to related contexts such as 53 

the Sustainable Development Goals and the Sendai Framework for Disaster Risk Reduction. 54 

 55 
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Finally, developing and synthesising all of this information, whilst understanding the context in which it is or 1 

could be usefully applied, draws on and further develops methods for communicating climate information. It 2 

also provides a series of best practise examples on constructing clear and credible messages. This is used to 3 

provide an assessment of communication methods, with accompanying guidelines on generating relevant 4 

climate information and a final section describing the online Interactive Atlas and how to interpret the 5 

information it displays. 6 

 7 

 8 

Atlas.2 Defining temporal, spatial and typological domains and scales 9 

 10 

Over the past decades scientists have engaged in a wide array of investigations aimed at quantifying and 11 

understanding the state of the components of the land surface-ocean-atmosphere system, the complex nature 12 

of their interactions and impacts over different temporal and spatial scales. Through these studies a great deal 13 

has been learned about the importance of treating the appropriate temporal and spatial scale when estimating 14 

changes due to internal climate variability, trends, characterization of the spatiotemporal variability and 15 

quantifying the range and establishing confidence in climate projections. It is therefore important to be able 16 

to explore a whole range of spatial and temporal scales and the Atlas will complement other chapters by 17 

facilitating this exploration of their assessments. This section presents the basic definitions of temporal 18 

scales of analysis and domains used by Atlas accounting for potential synergies between WGs I and II. Also, 19 

noting the recent IPCC special report on the impacts of global warming of 1.5°C above pre-industrial levels 20 

(IPCC, 2018a), the Atlas will also include its approach of presenting key global and regional climate changes 21 

at different warming levels. 22 

 23 

 24 

Atlas.2.1 Baseline and future time slice periods and temporal scales of analysis 25 

 26 

Chapter 1 has extensively explored this topic in Section 1.5.3 and Cross-Chapter Box 1.3 and a summary of 27 

the main points as relevant to the Atlas are provided here. There is no standard baseline in literature although 28 

the WMO recommends the approach to the 30-year baselines and the current official climate normal period 29 

is 1981–2010. However, it will retain 1961–1990 as the historical base period for the sake of supporting 30 

long-term climate change assessments (WMO, 2017). The AR6 WGI has established the period 1995–2014 31 

as modern reference period (for similar reasons to the 1986–2005 period used in AR5 WGI) since 2014 32 

(2005) is the final year of the historical simulations (see more details in Cross-Chapter Box 1.2). 33 

 34 

Choosing a different baseline and averaging period can significantly influence the results of analysing 35 

changes in mean climate (Hawkins and Sutton, 2016) and its variability and extremes. Thus, assessing the 36 

sensitivity of results to the reference period is important and can be achieved using figures or tables 37 

comparing different climate baseline periods. The Interactive Atlas (see Section Atlas.7) allows users to test 38 

the implications of a wide range of different baselines, including: 39 

 40 

• the AR6 standard 1995–2014 period (20 years), 41 

• the AR5 standard 1986–2005 period (20 years), 42 

• WMO climate normal periods such as 1981–2010 (30 years). 43 

 44 

The use of the WMO standards conforms to the convention of 30-year climatological periods and provides 45 

sample sizes relevant to calculating changes in statistics other than the mean. Moreover, these baselines are 46 

relevant to work on impacts and thus would help to promote cross-working group consistency. 47 

 48 

Also, using the WMO 1971-2000 standard baseline facilitates comparison between CMIP5 (and CORDEX) 49 

and CMIP6 simulations since there exist ‘current climate’ simulations for all these datasets and thus can act 50 

as a common baseline for comparing results from AR5 with AR6. Applying the more modern WMO 1981–51 

2010 or (particularly) the AR6 standard baseline would introduce an inconsistency as anthropogenic 52 

emissions in the CMIP5 and CORDEX models do not follow the observed trajectory from 2006. To an 53 

extent this can be circumvented by adopting the pragmatic choice of using scenario data to fill the missing 54 

segments (2006–2010 and 2006–2014, respectively) using the first years of RCP8.5-driven transient 55 
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projections, in which the emissions are close to those observed. This is the approach that is used here and in 1 

Chapter 12. Also, on a more practical level, this helped to demonstrate how climate scientists can analyse 2 

and interpret outputs of simulations relevant to international standards and applications.  3 

 4 

Regarding the future reference periods, for consistency with previous reports, the Interactive Atlas First 5 

Order Draft (FOD) considers the future periods used in AR5: near-term, mid-term and long-term (referring 6 

to 2016–2035, 2046–2065 and 2081–2100 respectively). These are three important timescales to provide 7 

assessments for, so the same convention is used in AR6, with updated periods 2021–2040, 2041–2060, and 8 

2081–2100, respectively. [For consistency with the 30-year WMO periods, the Interactive Atlas will also 9 

consider alternative timescales, such as 30-year near-term (2021–2050), mid-term (2046–2075) and long-10 

term (2071–2100) periods].  11 

 12 

Moreover, from the SR1.5 report global warming is defined as ‘The estimated increase in global mean 13 

surface temperature (GMST) averaged over a 30-year period, or the 30-year period centred on a particular 14 

year or decade, expressed relative to preindustrial levels unless otherwise specified. For 30-year periods that 15 

span past and future years, the current multi-decadal warming trend is assumed to continue.’ Therefore, we 16 

also consider different global warming levels (GWLs) to support future climate assessment, in particular 17 

+1.5, +2 in the Interactive Atlas FOD. [To be extended to include +3 and +4°C.]  18 

 19 

To calculate GWLs for the preliminary datasets used in the Atlas FOD (using a subset of nine CMIP5 ESMs 20 

and CORDEX RCMs; see Section Atlas.3), we quantify the global near-surface air temperature change for 21 

the 30-year period centred at the year when each model reaches the defined warming level (+1.5, +2, +3 and 22 

+4°C) for future projection assuming RCP 4.5 and 8.5 emissions, relative to preindustrial levels as simulated 23 

by the historical run. Here, we take the period 1861–1890 to define the pre-industrial (PI) period, as it is 24 

available across all CMIP5 historical simulations (Nikulin et al., 2018), and compute the mean PI 25 

temperature as baseline. Then, 30-year running mean timeseries are computed for each RCP, starting from 26 

the base period 1971–2000, and for each ESM (the running mean is centred around each year of the inter-27 

annual time series). As a result, the GWLs are determined by the year when the running mean crosses the 28 

GWL threshold (see Figure Atlas.1:). When the projections stabilize before reaching the threshold and the 29 

warming period extends beyond year 2100, it is discarded (this is indicated by the asterisks in Table 30 

Atlas.1:). For CORDEX simulations, the periods of the driving ESM are used as in Nikulin et al. (2018). 31 

Note that this procedure will be updated in subsequent drafts when an adoption is made for AR6 WGI. 32 

 33 

 34 

[START FIGURE ATLAS.1: HERE] 35 

 36 
Figure Atlas.1: Global mean temperature (30-year running mean) for the selected CMIP5 ensemble, considering 37 

RCPs 4.5 and 8.5. The reference GWLs are indicated by the horizontal grey lines. Preindustrial 38 
(1861–1890) and reference (1971–2000) periods are also delimited by the dashed vertical lines. 39 

 40 
[END FIGURE ATLAS.1: HERE] 41 

 42 

 43 

[START TABLE ATLAS.1: HERE] 44 

 45 
Table Atlas.1: Time periods for which the +1.5, +2, +3 and +4°C Global Warming Levels (compared to pre-46 

industrial times) were reached in the given list of CMIP5 global climate projections. Values 47 
correspond to the central year (n) of the 30-year window (the GWL period is thus calculated as [n − 48 
14, n +15]). Asterisks indicate that the GWL was not reached before 2100. 49 

 
RCP 4.5 RCP 8.5 

+1.5°C +2°C +3°C +4°C +1.5°C +2°C +3°C +4°C 

CanESM2_r1i1p1 2016 2031 2073 * 2013 2026 2049 2067 

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 
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EC-EARTH_r1i1p1 2021 2043 * * 2017 2035 2060 2082 

GFDL-ESM2M_r1i1p1 2044 * * * 2034 2051 2080 * 

HadGEM2-ES_r1i1p1 2029 2045 * * 2023 2036 2055 2071 

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

MIROC5_r1i1p1 2040 2072 * * 2033 2048 2071 * 

MIROC-ESM_r1i1p1 2020 2034 2071 * 2020 2030 2052 2069 

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

NorESM1-M_r1i1p1 2041 2076 * * 2033 2048 2073 * 

 1 

[END TABLE ATLAS.1: HERE] 2 

 3 

 4 

Climate information over many temporal scales and a wide range of temporal averaging periods is required 5 

for the assessment of climate change and its implications. These range from annual to multi-decadal averages 6 

required to characterise low-frequency variability and trends in climate to hourly or instantaneous maximum 7 

or minimum values of impactful climate variables. In between, information on seasonal averages of, for 8 

example, rainfall is important with the definition of relevant averaging periods being geographically-9 

dependent. As a result, the Atlas presents results over wide range of timescales and averaging periods with 10 

the Interactive Atlas enabling the choice of user-defined seasons and choices from a range of predefined 11 

daily to multi-day climate indices. 12 

 13 

For the sake of simplicity, only illustrative time slices will be shown in the Atlas text (warming levels will be 14 

included in the Interactive Atlas). 15 

 16 

 17 

Atlas.2.2 Spatial domains and scales of analysis 18 

 19 

Many factors influence the spatial domains and scales over which climate information can be credibly 20 

generated and is required. Despite all efforts in researching, analysing, and understanding climate change, a 21 

key factor in the spatial scales at which analysis can be undertaken is directly related to the availability and 22 

reliability of data, both observational and from model simulations. In addition, information is required over a 23 

wide range of spatial domains, defined either from a climatological or geographical perspective (e.g. a 24 

monsoon rainfall region or a river basin) or from a socio-economic or political perspective (e.g. least 25 

developed countries or nation states). Chapter 1 provides an overview of these topics in Section 1.5.2 and 26 

this subsection discusses some relevant issues, summarizes recent advances in defining domains and spatial 27 

scales used by AR6 analyses and how these can be explored within the Interactive Atlas. 28 

 29 

Recent IPCC reports (AR5, Chapter 14 and SR1.5, Chapter 3) have summarized information on projected 30 

future climate changes over subcontinental regions defined in the IPCC SREX report and later extended in 31 

AR5 from the 26 regions in SREX including polar and Caribbean, two Indian Ocean, and three Pacific 32 

Ocean regions (hereafter known as the AR5 WGI reference regions) (Figure Atlas.2:a). More recently, new 33 

subregions have been used in recent literature, for example, for South America, Africa and Central America, 34 

together with the new definition of reference oceanic regions. As a result, an updated version of the reference 35 

regions has been considered for AR6 (hereafter known as AR6 WGI land/ocean reference regions) as shown 36 

in Figure Atlas.2:b. [AR6 WGI reference regions are currently used in the Interactive Atlas FOD as the 37 

default regionalization for atmospheric variables]. These new regions build from a scientific reason as 38 

described below for South America (SA) and Central America Caribbean (CAMC). 39 

 40 

 41 

[START FIGURE ATLAS.2: HERE] 42 

 43 
Figure Atlas.2: Reference AR5 (a) and AR6 (b) WGI regions. The latter includes both land and ocean regions and it 44 

is used as the standard for the regional analysis of atmospheric variables in the Interactive Atlas. 45 
 46 
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[END FIGURE ATLAS.2: HERE] 1 

 2 

 3 

In the case of South America the new regions were selected based on them having a consistent climate 4 

change response signals and that they are climatically consistent regions (Barros et al., 2015; Neukom et al., 5 

2010; Nobre et al., 2016; Solman et al., 2008). Also, several studies have used those regions for analysis and 6 

impact studies (Alves et al., 2013; Cabré et al., 2016; Fu et al., 2013). 7 

 8 

In the case of the Central America and Caribbean Region, the AR5 WGI reference domains are considered 9 

acceptable as large subcontinental regions assuming some minor modifications. These are important for 10 

geographic homogeneity, and considering political and coastal boundaries. For Central America this involves 11 

moving the eastern boundary west to exclude parts of Cuba and Jamaica, the northern boundary further 12 

north, to include the northern border of Mexico (and particularly all of the Baja California Peninsula) and the 13 

southern boundary northwest to exclude part of the South American continent. Similarly, small 14 

enhancements to the Caribbean domain are proposed by shifting its northern boundary northward to include 15 

the Bahamas and its eastern boundary eastward to include Barbados. To provide more details, subdivisions 16 

of these domains are used to resolve the different particular features of Mexico and the Central American 17 

isthmus and to separate Greater Antilles (including Bahamas) and Lesser Antilles (Figure Atlas.2:b). As the 18 

CA region is very complex it could also justifiably be further subdivided for the projections of particular 19 

features, as the diurnal and annual precipitation cycles, which differ between southern, central and northern 20 

parts of Mexico and between the two coasts of the central American Isthmus (Angeles et al., 2007; Campbell 21 

et al., 2011; Centella-Artola et al., 2015; Karmalkar et al., 2011, 2013; Martínez-Castro et al., 2018; McLean 22 

et al., 2015; Taylor and Alfaro, 2005). 23 

 24 

Besides the definition of generic reference/typological regions, there are further regionalisations that have 25 

been used by the regional modelling communities, which might be relevant for model evaluation purposes 26 

and AR6 WGII. As an illustrative example, in Southeast Asia, CORDEX simulation results are validated for 27 

the whole region and for the subregions shown in Figure Atlas.3: (Cruz and Sasaki, 2017; Juneng et al., 28 

2016; Ngo-Duc et al., 2017). These subregions are based on the historical behaviour of rainfall from 29 

previous studies on Southeast Asia. For example, there are two subregions over the Philippines, which are 30 

based on two dominant climate types that are strongly influenced by the synoptic scale southwest and 31 

northeast monsoon systems (Manzanas et al., 2015). Over Vietnam, there is a north-south division of 32 

subregions as rainfall is highest in the north during summer while rainfall peaks during winter in Southern 33 

Vietnam. More information on the climatic subregions over Southeast Asia can be found in Juneng et al., 34 

(2016).  35 

 36 

 37 

[START FIGURE ATLAS.3: HERE] 38 

 39 
Figure Atlas.3: CORDEX-SEA subregions based on historical rainfall climatology and variability (Juneng et al., 40 

2016)  41 
 42 

[END FIGURE ATLAS.3: HERE] 43 

 44 

 45 

Atlas.2.3 Typological domains 46 

 47 

In addition to contiguous spatial domains discussed in the previous subsection, there are domains that are 48 

defined by specific climatological, geographical, ecological or socio-economic domains where climate is 49 

either an important determinant or influencer. Thus, the domain will be subject to specified physical 50 

processes that are important for its climatology or involve systems which are affected by the climate in a way 51 

that observations and climate model simulations can be used to understand. Many of these are the basis of 52 

the cross-chapter working papers to be developed in the WGII report, namely biodiversity hotspots, tropical 53 

forests, cities, coastal settlements, deserts and semi-arid areas, the Mediterranean, mountains and Polar 54 

regions. It is therefore important to generate climate information relevant to these typological domains and 55 
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summary information is provided in Section Atlas.5.11 and expanded on in the Interactive Atlas. Figure 1 

Atlas.4: shows some examples of typological domains that can be used in the Atlas, such as Monsoon region 2 

and ocean biomes. [Ocean biomes are currently used in the Interactive Atlas FOD as the default 3 

regionalization for oceanic variables]. 4 

 5 

 6 

[START FIGURE ATLAS.4: HERE] 7 

 8 
Figure Atlas.4: Land monsoon regions (top) and ocean biomes (bottom). 9 
 10 

[END FIGURE ATLAS.4: HERE] 11 

 12 

 13 

[Placeholder: Example of material on climate information relevant to WGI and II cross-chapter papers] 14 

 15 

Finally, due to the many potential definitions of the regions relevant for WGI and WGII, it is important to 16 

keep some flexibility in the definition of regions in the Interactive Atlas (including the possibility of 'nested’ 17 

regions). However, the Atlas should be a useful instrument for AR6, and not necessarily cover all particular 18 

regions relevant to specific chapters. 19 

 20 

 21 

Atlas.3 Combining multiple sources of information for regions 22 

 23 

This section introduces the observational data sources and reanalyses that are used in the assessment of 24 

regional climate change and evaluating and bias-correcting the results of models (see Annex I). Also, it 25 

introduces the different global and regional climate model output that are used for regional climate 26 

assessment considering both historical and future climate projections (see Annex III). Many of these models 27 

are run as part of coordinated Model Intercomparison Projects (MIPs), including the global Coupled Model 28 

Intercomparison Projects (CMIP5 and CMIP6) and the COordinated Regional Downscaling EXperiment 29 

(CORDEX), which are also described below. Combining information from these multiple data sources is a 30 

significant challenge (see Chapter 10 for an in-depth treatment of the problem) though if clear messages on 31 

regional climate change can be generated then they can be used to guide policy and support decisions 32 

responding to these changes. An important and necessary part of this process is to check for consistency 33 

amongst the data sources which is discussed in the final section. 34 

 35 

 36 

Atlas.3.1 Observations 37 

 38 

There are various sources of observational information available with disparity, inadequacy and 39 

contradictions in these as well as applications of observations being assessed in Chapter 10. Observational 40 

uncertainty is a key factor when assessing and attributing historical trends, so assessment should build on 41 

integrated analysis from different datasets. The Atlas can supplement and complement Chapter10 by 42 

providing the opportunity to visualise and expand on its assessment. This includes displaying maps of 43 

density of stations observations (including those that are used in the different datasets) and illustrating the 44 

number of observational datasets for different regions (e.g. CORDEX, SREX or other defined regions).  45 

 46 

Two of the most commonly used variables in climate studies are gridded monthly surface air temperature 47 

and precipitation. There are many datasets available, commonly used ones including CRU, GISTEMP and 48 

HadSST3 for temperature and GPCC and CRU for precipitation. Although the ultimate source of these 49 

datasets is surface station reported values, each has access to different numbers of stations and lengths of 50 

records and employs different ways of creating the gridded product and ensuring quality control.  51 

 52 

For example, Figure Atlas.5: shows the long-term change in number of stations reported and illustrates the 53 

declining number of observations used, especially for precipitation, in the CRU data. 54 

 55 
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[START FIGURE ATLAS.5: HERE] 1 

 2 
Figure Atlas.5: Number of stations reported over the entire globe for surface air temperature (above) and precipitation 3 

(below) for CRU TS4.0 dataset.  4 
 5 

[END FIGURE ATLAS.5: HERE] 6 

 7 

 8 

Figure Atlas.6: shows the spatial coverage of the total number of observation stations for surface air 9 

temperature and precipitation, respectively, for 1901–1910, 1971–1980, and 2001–2010 and illustrates 10 

spatially the declining trend of observation station data used in the precipitation dataset for certain regions 11 

(South America, Africa) after the 1990s (both figures generated from contextual data available with the CRU 12 

TS4.0 dataset). This demonstrates the regional inhomogeneity in station density. 13 

 14 

 15 

[START FIGURE ATLAS.6: HERE] 16 

 17 
Figure Atlas.6: Number of stations per 0.5 x 0.5 grid cell reported over the period of 1901–1910, 1971–1980, and 18 

2001–2010 for surface air temperature for CRU TS4.0 dataset.  19 
 20 

[END FIGURE ATLAS.6: HERE] 21 

 22 

 23 

In addition to surface observation, satellites have been widely used to produce rainfall estimates. The 24 

advantage of satellite-based rainfall products is their globally uniform coverage including remote areas. 25 

However, there have been reported inconsistencies among different satellite-based rainfall products over 26 

complex terrain (Rahmawati and Lubczynski, 2018; Satgé et al., 2019).  27 

 28 

The Atlas can also cover other observation data, e.g. sea surface temperature. The most widely used SST 29 

datasets are HadSST3, ERSST, and KaplanSST. The largest difference among the three datasets lie in how 30 

inconsistency in number of observations during early and recent years is treated. Figure Atlas.7: shows the 31 

change in the number of observations that is used in HadSST3 (Kennedy et al., 2011b, 2011a). There is a 32 

limited number of observations available at the beginning of the period covered by the data set.  33 

 34 

 35 

[START FIGURE ATLAS.7 HERE] 36 

 37 
Figure Atlas.7: Same as Figure Atlas.5:, but for number of observations in the HadSST3 dataset.  38 
 39 

[END FIGURE ATLAS.7 HERE] 40 

 41 

 42 

Figure Atlas.8: shows that the contrast in the available observations used in HadSST3 in different time 43 

periods become much clearer when shown in terms spatial maps distribution.  44 

 45 

 46 

[START FIGURE ATLAS.8 HERE] 47 

 48 
Figure Atlas.8: Same as Figure Atlas.6:, but for number of observations in the HadSST3 dataset. 49 
 50 

[END FIGURE ATLAS.8 HERE] 51 

 52 

 53 

Figure Atlas.9: provides an example of the discrepancies in different SST datasets from (Rupa Kumar et al., 54 

2006). The difference in number of observations and irregular distribution in space and time introduces 55 

different ways of treating uncertainty and temporal/spatial gaps, resulting in difference in long-term trends. 56 
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 1 

 2 

[START FIGURE ATLAS.9 HERE] 3 

 4 
Figure Atlas.9: Global (excluding the Southern Ocean) annual average SST anomaly (relative to 1971–1990), for the 5 

period 1871–2000. Annual averages smoothed using a 21-pt binomial filter (from Rayner et al., 2003). 6 
 7 

[END FIGURE ATLAS.9 HERE] 8 

 9 

 10 

Atlas.3.1.1 Consistency and differences in observational data 11 

 12 

There are some recent studies assessing observational datasets globally (Beck et al., 2017; Sun et al., 2018) 13 

that report large differences among them. Regional studies have also been undertaken on comparing and 14 

assessing observational datasets with similar results (Manzanas et al., 2014; Prakash, 2019; Salio et al., 15 

2015), thus stressing the importance of considering observational uncertainty in regional climate assessment 16 

studies. For example, Indasi (2019) assessed rainfall characteristics of ten gridded precipitation datasets over 17 

Southern Africa (Table Atlas.2:). They demonstrated that those sharing similar source data displayed similar 18 

rainfall characteristics while station-based datasets showed the least similarities. No single dataset was found 19 

to capture the rainfall characteristics across the entire Southern Africa region, and each performed better or 20 

worse depending on location. They also noted the decline in the number of stations available, mainly due to 21 

insufficient resources but also a tendency by country meteorological services to restrict free access, 22 

increasing relevance of satellite data and significant relationships between some of the datasets (Figure 23 

Atlas.10:). Another important aspect is that many stations do not report to the WMO networks, with their 24 

data being kept domestically or regionally, which has made regional datasets become more important in the 25 

recent years.  26 

 27 

 28 

[START TABLE ATLAS.2: HERE] 29 

 30 

 31 
Table Atlas.2: Gridded precipitation datasets assessed in Indasi (2019) over South Africa, indicating the different 32 

data sources used in each case. 33 

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   

 34 

[END TABLE ATLAS.2: HERE] 35 

 36 

 37 

http://www.ncep.noaa.gov/
http://www.ucar.edu/
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[START FIGURE ATLAS.10: HERE] 1 

 2 
Figure Atlas.10:  Relationship between gridded precipitation dataset and three classes of input data; station, satellite 3 

and 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 

 6 

[END FIGURE ATLAS.10: HERE] 7 

 8 

 9 

This section describes the disparities and inconsistencies in observations at different regions, especially 10 

rainfall and temperature data. Conflicts in observation data are a concern when producing reliable results for 11 

any region, with greater confidence in findings if observation products are consistent. For example, 12 

observations agree on increases in the number of heavy precipitation events (e.g., 95th percentile) within 13 

many land regions (Trenberth and Josey, 2007) including over China (Ma et al., 2009) and Europe. 14 

 15 

Uncertainty in observations is a key factor preventing a rigorous evaluation of climate models over most 16 

regions. Scientists publish varying results because of uncertainty in the temporal and spatial characteristics 17 

of observations over certain regions. This is highlighted in various other chapters and the Atlas expands on 18 

the treatment of this, especially based on CORDEX literature, complementing the discussions on 19 

discrepancies/conflicts in observations presented in Chapter 10 and expanding on and replicating their results 20 

for other regions. For example, Figure Atlas.11: show a sample figure from Juneng et al., (2016) on the 21 

differences in precipitation values in the observation data in Southeast Asia. Figure Atlas.12: replicates this 22 

for Africa. 23 

 24 

 25 

[START FIGURE ATLAS.11: HERE] 26 

 27 
Figure Atlas.11: Differences in precipitation values in the different observation datasets in Southeast Asia (from 28 

Juneng et al., 2016) 29 
 30 

[END FIGURE ATLAS.11: HERE] 31 

 32 

 33 

[START FIGURE ATLAS.12: HERE] 34 

 35 
Figure Atlas.12: Similar to Figure Atlas.11 but for Africa. 36 
 37 

[END FIGURE ATLAS.12: HERE] 38 

 39 

 40 

The Atlas also discusses differences in surface and satellite observations. Sylla et al. (2013) assessed 41 

uncertainties in climate observation products by intercomparing three gridded observed daily rainfall datasets 42 

over Africa – FEWS (Famine Early Warning System), GPCP (Global Precipitation Climatology Project) and 43 

TRMM (Tropical Rainfall Measuring Mission). Different observation products were shown to exhibit 44 

differences in mean rainfall, higher order daily precipitation statistics, such as frequency of wet days, 45 

precipitation intensity and extremes as well as maximum length of wet and dry spells. FEWS showed mostly 46 

higher frequency and lower intensity events than TRMM and GPCP.  47 

 48 

[Placeholder: Figure from Sylla et al., 2013] 49 

 50 

Finally, some research is currently focusing on the distillation and consistency of climate change projections 51 

from multi-MIP global and regional projects (Fernández et al., 2018). These studies will be assessed in 52 

Chapter 10 and will inform on the methods to be implemented in the Interactive Atlas in order to synthesize 53 

multi-MIP projections. 54 

 55 

[Placeholder: Cross chapter box with Chapter 10 on distillation and synthesis of multi-MIP projections] 56 
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Atlas.3.2 Reanalysis  1 

 2 

There are currently many atmospheric reanalysis datasets with different spatial resolution and assimilation 3 

algorithms (see Annex I, Observations). There are also substantial differences among those datasets and the 4 

Atlas will show and intercompare those that are used in the report. These differences are due to the types of 5 

observations assimilated into these reanalyses, the assimilation techniques that are used, and the resolution of 6 

the outputs amongst other reasons. For example, 20CR only assimilates surface pressure and sea surface 7 

temperature to achieve the longest record but at relatively low resolution. At the other extreme, very 8 

sophisticated assimilation systems using multiple surface, upper air and earth observation data sources are 9 

employed, e.g. for ERA5, ERA-Interim and JRA-55, which also have much higher resolutions. Most of 10 

reanalysis dataset covers the entire globe. However, there are also high-resolution regional reanalysis 11 

datasets (see, e.g. Section Atlas.5.6.1.4 for the case of Europe). 12 

 13 

In principle, inconsistency among different ocean reanalysis datasets will be primarily treated in Chapter 9 14 

but expanded in the Atlas. 15 

 16 

 17 

Atlas.3.3 Global Model Data (CMIP5 and CMIP6) 18 

 19 

The Atlas uses global model simulations from both CMIP5 and CMIP6 (the latter only partially since this 20 

dataset is not entirely available yet). This facilitates comparison of the assessments from two IPCC cycles 21 

and thus the detection of new features and findings coming from recent science and the latest CMIP6 22 

ensemble. 23 

 24 

The Interactive Atlas FOD is based on a subset of nine CMIP5 models (focusing on the more recent Earth 25 

System Models) shown in Table Atlas.3:; in future drafts, the full CMIP5 curated dataset will be used for 26 

consistency with the results of the AR5 Atlas. Building on this information, the Interactive Atlas displays a 27 

number of (mean and extreme) indices considering both atmospheric and oceanic variables. Some of these 28 

indices have been selected in coordination with Chapter 12, in order to support and extend the assessment 29 

performed in this Chapter (see Annex VII Hazards and Extreme Indices for details on the indices). Other 30 

indices have been included to support the regional assessment made in the Section Atlas.5. The set of indices 31 

will be further coordinated with other Chapters in future drafts, building on the experience gained (and tools 32 

developed) in this collaboration. 33 

 34 

 35 

[START TABLE ATLAS.3: HERE] 36 

 37 
Table Atlas.3: Data availability for the subset of CMIP5 models used in the Interactive Atlas FOD for the historical 38 

period and the RCP4.5 and RCP8.5 emissions-driven future projections: For the atmospheric – mean 39 
(tas, in ºC), maximum (tx, in ºC) and minimum (tn, in ºC) temperatures, precipitation (pr, in mm/day) 40 
– and oceanic – sea surface temperature (tos, ºC), PH (PH) and oxygen (O2, in mol m3) – variables. 41 
Salient features of these models are described in IPCC AR5 Appendix 9.A (model names are taken 42 
from Table 9.A.1). 43 

  Atmospheric Oceanic 

  tas tx tn pr tos pH O2 

CMIP5_CanESM2_r1i1p1_historical yes yes yes yes yes yes   

CMIP5_CanESM2_r1i1p1_rcp45 yes yes yes yes yes yes   

CMIP5_CanESM2_r1i1p1_rcp85 yes yes yes yes yes yes   

CMIP5_CNRM-CM5_r1i1p1_historical yes yes yes yes yes   yes 

CMIP5_CNRM-CM5_r1i1p1_rcp45 yes yes yes yes yes   yes 

CMIP5_CNRM-CM5_r1i1p1_rcp85 yes yes yes yes yes   yes 
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CMIP5_IPSL-CM5A-MR_r1i1p1_historical yes yes yes yes yes yes yes 

CMIP5_IPSL-CM5A-MR_r1i1p1_rcp45 yes yes yes yes yes yes yes 

CMIP5_IPSL-CM5A-MR_r1i1p1_rcp85 yes yes yes yes yes yes yes 

CMIP5_MIROC-ESM_r1i1p1_historical yes yes yes yes       

CMIP5_MIROC-ESM_r1i1p1_rcp45 yes yes yes yes       

CMIP5_MIROC-ESM_r1i1p1_rcp85 yes yes yes yes       

CMIP5_GFDL-ESM2M_r1i1p1_historical yes yes yes yes yes yes yes 

CMIP5_GFDL-ESM2M_r1i1p1_rcp45 yes yes yes yes yes yes yes 

CMIP5_GFDL-ESM2M_r1i1p1_rcp85 yes yes yes yes yes yes yes 

CMIP5_MPI-ESM-LR_r1i1p1_historical yes yes yes yes yes yes yes 

CMIP5_MPI-ESM-LR_r1i1p1_rcp45 yes yes yes yes yes yes yes 

CMIP5_MPI-ESM-LR_r1i1p1_rcp85 yes yes yes yes yes yes yes 

CMIP5_HadGEM2-ES_r1i1p1_historical yes yes yes yes yes yes yes 

CMIP5_HadGEM2-ES_r1i1p1_rcp45 yes yes yes yes yes yes yes 

CMIP5_HadGEM2-ES_r1i1p1_rcp85 yes yes yes yes yes yes yes 

CMIP5_EC-EARTH_r12i1p1_historical yes yes yes yes yes     

CMIP5_EC-EARTH_r12i1p1_rcp45 yes - yes yes yes     

CMIP5_EC-EARTH_r12i1p1_rcp85 yes yes yes yes yes     

CMIP5_NorESM1-M_r1i1p1_historical yes yes yes yes yes     

CMIP5_NorESM1-M_r1i1p1_rcp45 yes yes yes yes yes     

CMIP5_NorESM1-M_r1i1p1_rcp85 yes yes yes yes yes     

 1 

[END TABLE ATLAS.3 HERE] 2 

 3 

 4 

As of September 2018, there are 23 CMIP6-endorsed MIPs. Each has a specific purpose listed in Table 5 

Atlas.4:. Besides CMIP5 (and CORDEX, see below), the Atlas will use information based on some multi-6 

MIPs (including ScenarioMIP and HighResMIP) when available, in order to produce indices to support and 7 

extend the assessment of the different chapters, and to allow intercomparability with the previous AR5. 8 

 9 

 10 

[START TABLE ATLAS.4 HERE] 11 

 12 
Table Atlas.4: The 23 CMIP6-endorsed (from www.wcrp-climate.org/modelling-wgcm-mip-catalogue/modelling-13 

wgcm-cmip6-endorsed-mips) MIPs. 14 

1 AerChemMIP Aerosols and Chemistry Model Intercopmarison Project 

2 C4MIP Coupled Climate Carbon Cycle Model Intercomparison Project 

3 CDRMIP The Carbon Dioxide Removal Model Intercomparison Project 

4 CFMIP Cloud Feedback Model Intercomparison Project 

5 DAMIP Detection and Attribution Model Intercomparison Project 

6 DCPP Decadal Climate Projection Project 

7 FAFMIP Flux-Anomaly-Forced Model Intercomparison Project  

8 GeoMIP Geoengineering Model Intercomparison Project 

https://www.wcrp-climate.org/modelling-wgcm-mip-catalogue/modelling-wgcm-cmip6-endorsed-mips
https://www.wcrp-climate.org/modelling-wgcm-mip-catalogue/modelling-wgcm-cmip6-endorsed-mips
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9 GMMIP Global Monsoons Model Intercomparison Project 

10 HighResMIP High-Resolution Model Intercomparison Project 

11 ISMIP6 Ice Sheet Model Intercomparison Project for CMIP6 

12 LS3MIP Land Surface, Snow and Soil Moisture 

13 LUMIP Land-Use Model Intercomparison Project 

14 OMIP Ocean Model Intercomparison Project 

15 PAMIP Polar Amplification Model Intercomparison Project 

16 PMIP Paleoclimate Modeling Intercomparison Project 

17 RFMIP Radiative Forcing Model Intercomparison Project 

18 ScenarioMIP Scenario Model Intercomparison Project 

19 VolMIP Volcanic forcing Model Intercomparison Project 

20 CORDEX Coordinated Regional Climate Downscaling Project 

21 DynVarMIP Dynamics and Variability Model Intercomparison Project 

22 SIMIP Sea Ice Model Intercomparison Project 

23 VIACS AB Vulnerability, Impacts, Adaptation, and Climate Services Advisory Board 

 1 

[END TABLE ATLAS.4: 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. The 15 

Coordinated Regional Climate Downscaling Experiment – CORDEX (Gutowski et al., 2016) – coordinates 16 

regional downscaling experiments worldwide over a number of domains (example domains are presented in 17 

Figure Atlas.13:; more details are provided in Annex III; Table AIII.1). However, in some domains only a 18 

few simulations have been performed and in others it is not easy to access data (see the list of contributing 19 

models in Table AIII.2 and the data inventory in Table AIII.3). Moreover, there are regions of overlapping 20 

simulation domains, e.g. the Mediterranean or Central Asia, and guidance on the synthesis and use of this 21 

information is needed for scientifically rigorous analysis and generation of defensible climate information 22 

for stakeholder use. This limits the level of analysis and assessment that can be done in some regions. 23 

Ongoing efforts, such as the multi-domain CORE simulations (Gutowski et al., 2016), are promoting more 24 

homogeneous coverage thus allowing more systematic treatment of CORDEX domains in the Interactive 25 

Atlas. Data from both the individual CORDEX domains and from CORDEX CORE will be used in future 26 

versions of the Atlas. Finally, the amount, quality and resolution of observational data available in some 27 

regions can limit the ability to validate and establish confidence in the model simulations of recent past, 28 

current and projected future climate changes. 29 

 30 

 31 

[START FIGURE ATLAS.13: HERE] 32 

 33 
Figure Atlas.13: Major non-polar CORDEX domains and topography. [This figure includes incomplete information. 34 

To be updated.] 35 
 36 

[END FIGURE ATLAS.13: HERE] 37 

 38 
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 1 

A lot of progress has been made in the different CORDEX domains in order to produce and analyse 2 

downscaled climate information for evaluation (driven by ERA-Interim) and historical and future climate 3 

scenarios (under a range of future emissions, i.e. RCP2.6, RCP4.5 and RCP8.5). As a result, datasets 4 

obtained with ensembles of RCMs are now available on the Earth System Grid Federation (ESGF), for a 5 

number of domains (see Annex III; Tables AIII.2 and AIII.3). However, the available information is not yet 6 

comprehensive in most of the domains (either scarce RCMs or GCMs used as boundary conditions), so in the 7 

Interactive Atlas FOD we have focused on the two most populated domains (Africa-AFR44, and Europe-8 

EUR44) and have selected the common sub-ensemble for these two regions, for the common 0.44º resolution 9 

(see Table Atlas.5:). This is done to guarantee the consistency of results and to limit misleading conflicts in 10 

overlapping regions (the Mediterranean in this case). This gives the opportunity to identify conflicts and 11 

applying methods for distilling synthesis regional information; this is currently an active area of research 12 

which is expected to produce some results soon to be adopted in future drafts. 13 

 14 

 15 

[START TABLE ATLAS.5: HERE] 16 

 17 
Table Atlas.5: GCM/RCM simulations available for both Africa (ARF-44) and Europe (EUR-44) domains for the 18 

historical and RCP45 and RCP85 scenarios (as from ESGF at March 2019). Note that the model 19 
versions are different for both domains for some particular models. For details on the GCMs see Table 20 
Atlas.3: for details on the RCMs see Annex III models; Table AIII.2). 21 

 22 

GCM_run RCM 

CanESM2_r1i1p1 RCA4_v1 

CNRM-CM5_r1i1p1 RCA4_v1 

CSIRO-Mk3-6-0_r1i1p1 RCA4_v1 

EC-EARTH_r1i1p1 RACMO22E_v1 (RACMO22T for AFR-44) 

EC-EARTH_r3i1p1 HIRHAM5_v1 (HIRHAM5_v2 for AFR-44) 

EC-EARTH_r12i1p1 RCA4_v1 

GFDL-ESM2M_r1i1p1 RCA4_v1 

HadGEM2-ES_r1i1p1 RCA4_v1 

RACMO22E_v2 (RACMO22T for AFR-44) 

IPSL-CM5A-MR_r1i1p1 RCA4_v1 

MIROC5_r1i1p1 RCA4_v1 

MPI-ESM-LR_r1i1p1 CCLM4-8-17_v1  

REMO2009_v1 

RCA4_v1 

NorESM1-M_r1i1p1 RCA4_v1 

 23 

[END FIGURE ATLAS.5 HERE] 24 

 25 

 26 

Besides these two CORDEX domains we have also considered for illustrative purposes the data available 27 

from one of the Polar domains (Antarctic, ANT-44) with only three simulations (i.e. ESM-RCM 28 

combinations) available for the historical and RCP45 and RCP85 scenarios (see Table Atlas.6:; view also 29 

www.climate-cryosphere.org/activities/targeted/polar-cordex for more information). 30 

 31 

http://www.climate-cryosphere.org/activities/targeted/polar-cordex
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 1 

[START TABLE ATLAS.6: HERE] 2 

 3 
Table Atlas.6: As Table Atlas.5:, but for Antarctica (ANT-44).  4 

 5 
GCM_run RCM 

EC-EARTH_r3i1p1 HIRHAM5_v1 

EC-EARTH_r1i1p1 RACMO21P_v1 

HadGEM2-ES_r1i1p1 RACMO21P_v2 

 6 

[END TABLE ATLAS.6: HERE] 7 

 8 

 9 

The Atlas assesses research on CORDEX simulations over different regions analysing past and current 10 

climate, and future climate projections. It also focuses on model evaluation in order to complement the 11 

evaluation of global models done in Chapter 4 extending it to regional climate models, taking into account 12 

the specificity of these type of models, and building on existing initiatives and frameworks for evaluating 13 

downscaling methods for climate research (Maraun et al., 2015a). The goal is characterizing the 14 

heterogeneity of simulations available and validation studies across different domains in order to identify 15 

where an assessment is feasible (to be done in collaboration with regional Chapters 10 to 12).  16 

 17 

In order to provide some basic evaluation results for the CORDEX models (to be further developed in 18 

collaboration with Regional Chapters 10 to 12), the validation approach proposed in the VALUE initiative 19 

(Maraun et al., 2015a) was followed, using the same indices and diagnostic measures proposed in the 20 

synthesis paper (Maraun et al., 2018), which are shown in Table Atlas.7:. The biases obtained for these 21 

indices from the different RCMs shown in Table Atlas.5: have been computed for the EUR-44 and AFR-44 22 

domains and are shownSection Atlas.5.2 (for Europe) and Atlas.5.6 (for Africa). Results are only shown for 23 

precipitation. 24 

 25 

 26 

[START TABLE ATLAS.7: HERE] 27 

 28 
Table Atlas.7: Diagnostics considered for the evaluation of CORDEX data (see Maraun et al., 2018) . Relative biases 29 

as considered as performance measure for all indices. 30 

Code Index/Diagnostic Description 

Mean Mean Mean precipitation 

R01 Wet day frequency Number of wet days in year/season 

SDII Wet day intensity Mean on wet days (≥1mm) only 

Skewness Skewness Skewness of the wet-day distribution 

WWProb Wet–wet transition 

probability 

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

DWProb Dry–wet transition 

probability 

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

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

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

AnnualCycleRelAmp 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. 

 31 

[END TABLE ATLAS.7: HERE] 32 

 33 

 34 

For illustrative purposes, Figure Atlas.14: shows the climatologies of the observational reference used for 35 
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validation (the 0.5º EWEMBI gridded observational dataset; see Annex VII Hazards and Extreme Indices for 1 

more details) for two particular indices, mean daily rainfall and relative amplitude of the annual cycle. This 2 

figure shows the results on the different European and African AR6 WGI reference regions (see Section 3 

Atlas.2 for details) to illustrate the overlap over the Mediterranean region (MED), where the observed 4 

climatological (e.g. EWEMBI) values are identical, but where CORDEX EUR-44 and AFR-44 could 5 

produce conflicting results.  6 

 7 

 8 

[START FIGURE ATLAS.14 HERE] 9 

 10 
Figure Atlas.14: (Left) Annual mean daily precipitation (mm/day) for the observational reference EWEMBI for the 11 

different AR6 WGI reference regions over Europe and Africa used for spatial aggregation of regional 12 
information in the Interactive Atlas (see Section Atlas.2 for more details). (Right) Relative Amplitude 13 
of the Annual Cycle, defined as the difference between maximum and minimum value (30-day 14 
moving window over calendar days), relative to the mean of these two values. 15 

 16 

[END FIGURE ATLAS.14 HERE] 17 

 18 

 19 

Atlas.4 Global synthesis  20 

 21 

Most other chapters in WGI focus on past or future behaviour of the global climate system or specific 22 

components within it. Noting the overall WGI contribution aims to have wide-ranging application that 23 

frequently requires integration of information sources, this section combines findings from these other 24 

chapters (2–9) with a focus on messages that are relevant to WGII and WGIII contexts. It also provides a 25 

global overview assessment of findings from the CMIP5 and CMIP6 ensembles focusing on climate indices 26 

underpinning the regional assessments in Section Atlas.5 and the results displayed in the Interactive Atlas. 27 

Thus, its aim is not to provide information relevant to deriving messages about regional climate changes but 28 

to provide the global context for such messages derived later in the Atlas. The first subsection (Atlas 4.1) 29 

considers global atmospheric and land-surface results, with findings on the global oceans in the second 30 

(Atlas 4.2) and the third (Atlas 4.3) focusing on extreme events.  31 

 32 

[Much of the material to be presented here depends on findings which are currently being developed in the 33 

other chapters. Whilst these are maturing, examples are provided below of selected results from CMIP5 34 

models. These partially act as placeholders demonstrating the type of information which will be included in 35 

future but also provide global context for the regional-scale results presented in Atlas.5 and the Interactive 36 

Atlas. These include results from CORDEX which are based on downscaling of CMIP5 models. The material 37 

below consists of examples which are cross-cutting and of relevance to the handshake with WGII.] 38 

 39 

 40 

Atlas.4.1 Global atmosphere and land surface 41 

 42 

The principle 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. As described earlier, this information is required both at different time periods in 46 

the future under a range of emissions scenarios but also for different global warming levels. Figure Atlas.15: 47 

shows the global surface air temperature change projection calculated from the ensemble mean of nine 48 

CMIP5 models for the middle of the century under the RCP 4.5 and 8.5 emissions scenarios compared to the 49 

end of the century warming under RCP8.5 and for a global mean warming levels of 2°C. 50 

 51 

 52 

[START FIGURE ATLAS.15: HERE] 53 

 54 
Figure Atlas.15: Global temperature changes projected for mid-century (left column) under RCP4.5 (top) and 8.5 55 

(bottom) compared to, in the right column, a global mean warming levels of 2°C (top) and at the end 56 
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of the century under RCP8.5 emissions (bottom) from an ensemble of nine CMIP5 GCMs. Note that 1 
the future period warmings are calculated against a baseline period of 1986–2005 whereas the global 2 
mean warming level is defined with respect to a ‘pre-industrial’ baseline of 1861–1890. Thus, the 3 
other three maps would show greater warmings with respect to this earlier baseline. 4 

 5 

[END FIGURE ATLAS.15: HERE] 6 

 7 

 8 

Figure Atlas.15: presents a mean projection from averaging the changes from nine CMIP5 models but it is 9 

also important to explore the full range of outcomes from the ensemble, for example when undertaking a 10 

comprehensive risk assessment in which temperature is an important hazard. This is displayed in Figure 11 

Atlas.16: for the global average surface air temperature increases projected by the models throughout the 12 

century under the RCP 8.5 emissions scenario. Of course, information of this nature is also important 13 

regionally and this can be explored within the Interactive Atlas over the AR6 reference regions defined by 14 

the polygons on the maps in Figure Atlas.15: (and described in Section Atlas.2). These regional results 15 

demonstrate how temperature is projected to increase for all regions, and at a greater rate than the global 16 

average over many land regions and the North Pole. 17 

 18 

 19 

[START FIGURE ATLAS.16: HERE] 20 

 21 
Figure Atlas.16: Global average surface air temperature increases projected by nine CMIP5 models under the RCP8.5 22 

emissions scenario from 2005 to 2100 relative to a 1986–2005 baseline. 23 
 24 

[END FIGURE ATLAS.16: HERE] 25 

 26 

 27 

Precipitation changes present a more complex picture with regions of decrease as well as increase as shown 28 

in Figure Atlas.17: which displays the ensemble mean changes corresponding to the right-hand panels of 29 

Figure Atlas.15: (projected changes at 2°C global mean warming compared to pre-industrial levels compared 30 

with at the end of the century under RCP8.5 emissions compared to the recent past). The figure also shows 31 

that at lower warming levels there are many land regions, especially in the southern hemisphere, where there 32 

is no robust signal of change from the models (note that stippling indicates those gridboxes where less than 33 

six out of the nine models do not agree on the sign of the projected change). 34 

 35 

 36 

[START FIGURE ATLAS.17: HERE] 37 

 38 

 39 
Figure Atlas.17: Global precipitation changes projected at 2°C global mean warming compared to pre-industrial levels 40 

(left) and for 2081-2100 under RCP8.5 emissions compared to the 1986-2005 (right) from an 41 
ensemble of nine CMIP5 GCMs. Regions are stippled where less than six out of the nine models do 42 
not agree on the sign of the change (noting that this assessment does not take into account whether the 43 
individual models’ projected changes are significant). 44 

 45 

[END FIGURE ATLAS.17: HERE] 46 

 47 

 48 

[Later drafts will also include information on other important surface quantities such as soil moisture and 49 

runoff and, if appropriate, derived quantities such as river flow and indices relevant to drought. Also, if 50 

appropriate, atmospheric quantities, e.g. relating to global monsoons or atmospheric pollutants/air quality, 51 

will also be included.] 52 

 53 

In addition to focusing on changes in individual climate variables it is also important to note that concurrent 54 

extreme atmospheric hazards may also pose significant risks to human and ecological systems. Their 55 

magnitude or likelihood are often influenced by global climate drivers and understanding these links can be 56 
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important in assessing risks from, and developing adaptations in response to, clear anthropogenic influences 1 

on individual hazards. This will also support the related fields of disaster risk reduction and global 2 

sustainable development efforts as noted by Steptoe et al., (2018). They demonstrated that 15 regional 3 

hazards shared connections via the El Niño–Southern Oscillation, with the Indian Ocean Dipole, North 4 

Atlantic Oscillation and the Southern Annular Mode being secondary sources of significant regional 5 

interconnectivity (Figure Atlas.18:). Understanding these connections and quantifying the concurrence of 6 

resulting hazards can support adaptation planning as well as multi-hazard resilience and disaster risk 7 

reduction goals. 8 

 9 

 10 

[START FIGURE ATLAS.18: HERE] 11 

 12 
Figure Atlas.18: Influence of major modes of variability on regional extreme events relevant to assessing multi-hazard 13 

resilience (Steptoe et al., 2018). Ribbon colours define the driver from which they originate and their 14 
width is proportional to the correlation. Hatching represent where there is conflicting evidence for a 15 
correlation or where the driver is not directly related to the hazard and dots represent drivers that have 16 
both a positive and negative correlation with the hazard. 17 

 18 

[END FIGURE ATLAS.18 HERE] 19 

 20 

 21 

[Placeholder: When material in other sections of the Atlas on observed changes regionally and the use of 22 

observations in model evaluation has matured, along with the assessment in Chapter 2, material will also be 23 

introduced into this section on observations and observed changes.] 24 

 25 

 26 

Atlas.4.2 Global oceans 27 

 28 

As with the atmosphere, there are several key ocean-related quantities which are relevant for understanding 29 

how climate change may impact human and ecological systems and/or key global indicators of change. 30 

These include ocean surface temperature and heat content, sea ice cover and thickness, and certain chemical 31 

properties such as ocean acidity and oxygen concentration. For example, there is growing awareness of the 32 

threat presented by ocean acidification to ecosystem services and the socio-economic consequences are 33 

becoming increasingly apparent and quantifiable (Hurd et al., 2018) and the IPCC Special Report Global 34 

Warming of 1.5ºC (IPCC, 2018b) noted a significant impact of low levels of global warming on the state of 35 

the global oceanic ecosystems and food security. For instance, 70% of global coral reefs are expected to 36 

disappear at a warming level of 1.5º, while no coral will be preserved when warming levels reach 2ºC or 37 

higher. 38 

 39 

Thus, because of their importance to ocean ecosystems, the Atlas (and, in particular, the Interactive Atlas) 40 

initially focuses on ocean temperature, pH and dissolved oxygen and projected changes in the subset of 9 41 

CMIP5 models used to establish a reference for the CMIP6 and CORDEX results (to be) assessed in section 42 

Atlas.5.9. Figure Atlas.19: shows projected changes in these variables at the end of the century under 43 

RCP4.5 and 8.5 emissions, demonstrating the much larger changes seen with the higher emissions scenario. 44 

 45 

 46 

[START FIGURE ATLAS.19: HERE] 47 

 48 
Figure Atlas.19: Projected changes in sea-surface temperature (top), ocean pH (middle) and dissolved oxygen (bottom) 49 

for 2081-2100 under the RCP4.5 (left column) and 8.5 (right column) emissions compared to a 1986–50 
2005 baseline period from an ensemble of nine CMIP5 GCMs. Regions are stippled where less than 51 
six out of the nine models do not agree on the sign of the change (noting that this assessment does not 52 
take into account whether the individual models’ projected changes are significant) 53 

 54 

[END FIGURE ATLAS.19 HERE] 55 

 56 
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[Placeholder: Later drafts will include findings selected from other chapters such as 1 

• maps of historical temperature change, sea level rise, P-E, salinity, pH and dissolved oxygen 2 

• projections of sea level rise, P-E, salinity 3 

• regional displays of historical or projected changes in currents, storm frequency, sea ice cover, sea ice 4 

thickness] 5 

 6 

 7 

Atlas.4.3 Extremes 8 

 9 

Many of the most severe impacts of climate are felt through extreme events and climate change has been 10 

demonstrated to increase either the frequency or intensity of many types of such hazardous events. Thus, the 11 

third important area of focus for this global synthesis section is on the implications of global warming for 12 

high-impact extreme climate events. This topic is a focus for Chapter 12 in its treatment of hazards relevant 13 

to risk assessment and Chapter 11 is devoted entirely to extreme events, so the results presented here are 14 

intended to complement these more in-depth treatments whilst providing context for the regional 15 

assessments presented in the following section (and expanded on in the Interactive Atlas) and synthesis 16 

material relevant to the WGII assessment. 17 

 18 

As an example, Figure Atlas.20: shows the projected increase in the number of days in which maximum 19 

temperature exceeds a high absolute threshold of 35°C, a hazard relevant to risks to human well-being, as 20 

derived from the ensemble mean of nine CMIP5 GCMs. The two rows show results for 2046-65 compared to 21 

1986–2005 under the RCP4.5 and 8.5 emissions scenarios respectively, with those in the left column derived 22 

from raw output from the models and the right when a bias correction has been applied to these model 23 

outputs. This figure demonstrates that significant increases are likely to occur in many areas of all inhabited 24 

continents.  25 

 26 

 27 

[START FIGURE ATLAS.20: HERE] 28 

 29 
Figure Atlas.20: Projected changes in the number of days per year in which the maximum temperature exceeds 35°C 30 

from an ensemble of nine CMIP5 GCMs (the ensemble mean is considered in all cases). The 31 
top/bottom rows correspond to a future mid-term period 2046–2065 (compared to 1986–2005) under 32 
the RCP4.5/8.5 emissions scenarios respectively considering the raw model data (left column) and 33 
bias corrected (EQM method) data (right column). Regions are stippled where less than six out of the 34 
nine models do not agree on the sign of the change (noting that this assessment does not take into 35 
account whether the individual models’ projected changes are significant). [The Interactive Atlas 36 
shows the results for two alternative bias correction methods; see Annex VII for more details.] 37 

 38 

[END FIGURE ATLAS.20: HERE] 39 

 40 

 41 

The reason for using bias correction for some of the results displayed in Figure Atlas.20: is that the historical 42 

simulations of the climate models used to generate these projected changes often validate poorly when 43 

compared with observations. If the mean of the distribution of daily maximum temperatures is shifted by a 44 

few °C then even if the shape of the distribution is well captured the frequency of exceedance of a high 45 

threshold event will be significantly biased. In order to generate realistic results from the models and to 46 

provide a basis for a reasonable comparison between them, this issue is generally addressed by applying bias 47 

correction to the model data based on comparing distributions from the historical simulations with 48 

observations. As there are several approaches to bias correction and no clearly preferred method (see Chapter 49 

10) the results in Figure Atlas.20: should be taken as indicative of the direction of change and the relative 50 

impact of different future scenarios with low confidence in the absolute values. In order to provide an idea of 51 

the implications of using different bias correction approaches, the Interactive Atlas displays the results 52 

obtained for this index from raw and bias corrected model data, using two different bias correction 53 

techniques (see Annex VII). Future drafts will expand on this for a wider range of hazard indices assessed 54 

in Chapter 12. 55 
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 1 

[Placeholder: Further material on a wider range of extremes over land and in the atmosphere and oceans 2 

will be added in later drafts in collaboration with other chapters in the WGI report and following 3 

consultation with authors in WGII and WGIII on material that would be particularly relevant to their 4 

assessments.] 5 

 6 

 7 

Atlas.5 Regional syntheses and case studies 8 

 9 

This section aims to synthesise information enabling an understanding of the climate change context across 10 

all regions, documenting findings that are relevant to applications of regional information in WGII and III 11 

contexts and providing examples of best practice and information that can be explored further in the 12 

Interactive Atlas. In particular, changes in mean and extreme temperatures and precipitation are displayed in 13 

the Interactive Atlas in terms of a number of illustrative indices (including some of the indices assessed in 14 

Chapter 12, thus supporting and extending the assessment performed in this chapter) and allowing for a 15 

regional analysis of the results. This also builds and expands on and complements the assessment of 16 

extremes in Chapter 11. The Interactive Atlas then presents the different regional information that has been 17 

assessed in these chapters and in the CORDEX literature assessed in the Atlas, including the different 18 

climate variables and indices as well as relevant climate processes. 19 

 20 

 21 

Atlas.5.1 Information sources for regional synthesis 22 

 23 

In the following regional sub-sections, the Atlas presents information on observations (station data, gridded 24 

data sets, reanalysis, and satellite based) and observed trends, extremes and variability and also how they are 25 

applied in the literature in validating CORDEX output (drawing on the assessment of methodologies in 26 

Chapter 10, section 10.6). It also expands on regional information based on the assessments in Chapters 11 27 

and 12 and provides some examples of attribution of regional climate changes. Datasets and issues related to 28 

availability and integrity of observational data are described in Section Atlas.3. 29 

 30 

For illustrative purposes, in the following region by region synthesis sections, we include some reference 31 

plots for three of those indices based on percentiles, so they can be representative around the world. In 32 

particular we consider 90th percentiles for daily minimum and maximum temperatures and 95th percentiles 33 

for daily precipitation as thresholds in order to define the frequencies of "warm nights", "warm days", and 34 

"very wet days" (as the number of days above the thresholds). We have used a simple definition here 35 

computing the percentiles using all available data for a specified time period (month, season, or year) in the 36 

baseline period, and obtaining the frequency of exceeding these thresholds in the different future periods 37 

(either time-slices or warming levels). Therefore, note that these indices do not correspond to the standard 38 

ETCCDI definition. The results displayed below in the region by region synthesis correspond to the annual 39 

indices whereas the Interactive Atlas allows for a flexible season definition (including monthly values). 40 

 41 

 42 

Atlas.5.2 Africa  43 

 44 

Climate of Africa 45 

 46 

Africa has many varied climates: equatorial, tropical (wet, dry, monsoon), semi-arid, arid, subtropical 47 

highland, and each climate region has its local variations. Rainfall amount varies within each climate region. 48 

Temperatures are hottest in the north and coolest across the south and at elevation within the topography 49 

across the continent. 50 

 51 

 52 

[START FIGURE ATLAS.21: HERE] 53 

 54 
Figure Atlas.21: Koppen-Geiger climate type map of Africa (Peel et al., 2007). 55 
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 1 

[END FIGURE ATLAS.21: HERE] 2 

 3 

 4 

The assessment in this subsection of the Atlas focuses on regional climate variability features and is 5 

complemented by a display of projected trends of temperature and precipitation in the Interactive Atlas [with 6 

the observations to be included in a later draft]. The results are [currently] based on the evaluation of 7 

CMIP5 and CORDEX multi-model projections. 8 

 9 

 10 

Atlas.5.2.1 Observations, trends and attribution 11 

 12 

The findings of the most recent IPCC reports, AR5 and SR1.5, state that over most parts of Africa, minimum 13 

temperatures are warming more rapidly than maximum temperatures, and both have increased by 0.5°C or 14 

more during the last 50 to 100 years. An increase in the frequency of extreme warm events has been 15 

observed for countries bordering the western Indian Ocean. There has been an increase in seasonal mean 16 

temperature in many areas of East Africa. In addition, an increase in frequency of extreme rainfall events has 17 

been observed over the past 50 years.  18 

 19 

Temperature increases have been attributed to anthropogenic activities in the 20th century. For example, 20 

Figure Atlas.22: shows observed annual trends (ºC/century) and indicates that temperatures have been rising 21 

rapidly over Africa over the last five decades and at most locations the increases are statistically significant. 22 

This is attributed in a limited amount of literature to SST, modes of variability of large scale forcing and 23 

GHG forcing (Richard et al., 2001; Sylla et al., 2016; Williams and Funk, 2011; Yang et al., 2015). 24 

 25 

 26 

[START FIGURE ATLAS.22: HERE] 27 

 28 
Figure Atlas.22: Observed trends in annual-average near-surface temperatures (°C/century) over Africa for the period 29 

1961–2010, calculated using the method of pairwise-slopes applied to the 5° longitude × 5° latitude 30 
gridded CRUTEM4v data of CRU. The grid boxes where the trends are statistically significant 31 
according to the Spearman rank correlation test are indicated by crosses (Engelbrecht et al., 2015). 32 

 33 

[END FIGURE ATLAS.22: HERE] 34 

 35 

 36 

A companion figure for Figure Atlas.22 is Figure Atlas.23, which shows the time-series of West African 37 

land area averaged seasonal temperature anomalies between 1963 and 2012, as obtained from the CRU 38 

TS3.22 dataset (Daron, 2014a). The increasing trends are evident from 1980 onwards. 39 

 40 

 41 

[START FIGURE ATLAS.23: HERE] 42 

 43 
Figure Atlas.23: Time series of West Africa land area averaged seasonal temperature anomalies between 1963 and 44 

2012. Data taken from CRU TS3.22 dataset (Daron, 2014a). 45 
 46 

[END FIGURE ATLAS.23: HERE] 47 

 48 

 49 

Atlas.5.2.1.1 Observed trends and extremes 50 

 51 

Temperatures over West Africa have increased over the last 50 years (Mouhamed et al., 2013; Niang et al., 52 

2014) with a spatially variable gradual warming reaching 0.5°C per decade from 1961 to present (Sylla et al., 53 

2016). Mouhamed et al. (2013) have also reported a negative trend in the number of cool nights, more 54 

frequent warm days and warm spells. They also reported a general tendency of decreased annual total 55 
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rainfall, and maximum number of consecutive wet days. Figure Atlas.24: shows the 90th percentiles for 1 

maximum and minimum temperatures. Extreme rainfall events have become more frequent in the West 2 

African Sahel during the last decade, compared to the 1961–1990 period (Mouhamed et al., 2013) with 3 

significant increases in Sahelian storms seen in satellite observations since 1982 (Taylor et al., 2017). 4 

 5 

 6 

[START FIGURE ATLAS.24: HERE]  7 

 8 
Figure Atlas.24: 90th percentiles for maximum and minimum temperatures during 1986-2005 from EWEMBI, the 9 

reference dataset for ISI-MIP, which is a calibrated version of ERA-Interim (Engelbrecht et al., 2015). 10 
 11 

[END FIGURE ATLAS.24: HERE] 12 

 13 

 14 

For South Africa, over the period studied, warm extremes increased and cold extremes decreased since the 15 

mid-1960s (Kruger and Sekele, 2013). MacKellar et al. (2014) reported a statistically significant (95% 16 

confidence level) decreases in rainfall and the number of rainy days in autumn over central and north-eastern 17 

part of South Africa but significant increases in the number of rain days around the southern Drakensberg in 18 

spring and summer during the period of 1960–2010. They also reported a significant increase in maximum 19 

temperatures and minimum temperatures in all seasons except for the central interior, where minimum 20 

temperatures have decreased significantly. Jury (2013) found a poleward drift of the southern hemisphere 21 

sub-tropical anticyclones and a +1.5 mm/year rise in sea surface height along the coast. 22 

 23 

Over East Africa, the highest temperatures are experienced in the drier regions towards the north and east 24 

with Eritrea and Djibouti having an average summer high temperatures exceed 30°C and Ethiopia, Kenya 25 

and Tanzania in the East African Rift Valley having the lowest temperatures (Daron, 2014b). He also 26 

reported with medium confidence a spatially varying minimum temperature trends and increases in warm 27 

nights in Southern tip but spatially varying dryness with low confidence over East Africa. 28 

 29 

Most areas of the African continent lack sufficient observational data to draw conclusions about trends in 30 

annual precipitation over the past century. In addition, according to Sylla et al. (2013) many regions of 31 

Africa have discrepancies between different observed precipitation data sets. 32 

 33 

 34 

Atlas.5.2.1.2 Attribution of trends and extremes 35 

 36 

Hoerling et al. (2006) asserted that the drying trends in Africa during each monsoon season is attributable to 37 

oceanic influences where air-sea interactions have been most relevant. In particular, they demonstrated that 38 

the drying over the Sahel can be attributed to warming of the South Atlantic SST and southern African 39 

drying as a response to Indian Ocean warming (Dai, 2011; Hoerling et al., 2006). Meque and Abiodun 40 

(2015) showed a strong link between ENSO and droughts over Southern Africa. Over East Africa, drying 41 

trend is associated with an anthropogenic-forced relatively rapid warming of Indian Ocean SSTs (Williams 42 

and Funk, 2011). However, Lyon and Dewitt (2012) associated the decline in the East African long rains 43 

with a shift to warmer SSTs over the western tropical Pacific and cooler SSTs over the central and eastern 44 

tropical Pacific. Similarly, Lyon (2014) attributed the increase in drought frequency to multidecadal 45 

variability of SSTs in the tropical Pacific, with cooling in the east and warming in the west. Wang et al. 46 

(2014) also showed that the drying trend of the East Africa long rains is associated with decadal natural 47 

variability from SST variations over the Pacific Ocean. Also, Intensified climate extremes climate over West 48 

Africa have been attributed to mid-level GHG forcing (Sylla et al., 2016). 49 

 50 

 51 

Atlas.5.2.2 Assessment of model performance 52 

 53 

Gbobaniyi et al. (2014) found that the RCMs show acceptable performance in simulating the spatial 54 

distribution of the main precipitation and temperature features. In particular, Gbobaniyi et al. (2014) reported 55 
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that the CORDEX models simulate the occurrence of the West African Monsoon jump and the 1 

intensification and northward shift of the Saharan Heat Low (SHL). The models also capture the timing and 2 

amplitude of mean annual cycle of precipitation and temperature over the homogeneous subregions of West 3 

Africa. Endris et al. (2013) reported that CORDEX RCMs reasonably simulate eastern Africa rainfall 4 

adequately. Over Southern Africa, Pinto et al. (2016) showed that CORDEX models are able to capture the 5 

observed climatological spatial patterns of the extreme precipitation. Shongwe et al. (2015) also reported that 6 

CORDEX models simulate the phasing and amplitude of monthly rainfall evolution and the spatial 7 

progression of the wet season onset are well over Southern Africa. Jury (2013) found the southern African 8 

rainfall trend to have a significant downtrend of -0.013 mm/day per year and -0.003 mm/day per year for 9 

longer periods over the 20th century. Kisembe et al. (2018) also reported discrepancies and biases in present-10 

day rainfall over Uganda from the RCM-simulated rainfall compared to three gridded observational datasets. 11 

Specifically, they reported that the CORDEX models underestimate annual rainfall of Uganda and also 12 

struggle to reproduce the variability of the long and short rains seasons.  13 

 14 

An evaluation of the CORDEX-Africa models has been carried out using the data included in the Interactive 15 

Atlas portal (Section Atlas.7) with results for precipitation displayed in Figure Atlas.25:. Section Atlas.3.4 16 

gives a detailed description of the reference data, metrics and models being evaluated.  17 

 18 

 19 

[START FIGURE ATLAS.25: HERE] 20 

 21 
Figure Atlas.25: Evaluation of precipitation-based indices for five RCMs driven by ERA-Interim (rows 2-6), in terms 22 

of relative bias with respect to the observational reference (EWEMBI) over the eight AR6 African 23 
regions. For comparison purposes, results are also shown for the driving dataset, ERA-Interim (first 24 
row). Section Atlas.3.4 provides details about the RCMs, observations and indices used. 25 

 26 

[END FIGURE ATLAS.25: HERE] 27 

 28 

 29 

Atlas.5.2.3 Assessment of projections 30 

 31 

Projected rainfall changes over sub-Saharan Africa in the mid and late 21st century is uncertain. The findings 32 

of the most recent IPCC reports, AR5 and SR1.5, state that based on the Coupled Model Intercomparison 33 

Project Phase 5 (CMIP5) ensemble, temperatures in Africa are projected to rise faster than the global average 34 

increase during the 21st century. Specifically, over tropical West Africa, temperature increases of a certain 35 

magnitude are projected to occur one to two decades earlier than when the global average reaches that level. 36 

Over the North of Africa, faster increase in minimum temperature is consistent with greater warming at 37 

night, resulting in a decrease in the future diurnal temperature range. Higher temperature increases are 38 

projected during boreal summer. Southern Africa is likely to exceed the global mean land surface 39 

temperature increase in all seasons. Temperature projections for east Africa indicate considerable warming 40 

from RCPs. In particular, under RCP 8.5, the average warming across all models shows temperature 41 

increment of approximately 4°C by the end of the century for East Africa.  42 

 43 

Some uncertainties are reported over parts Africa from CORDEX projections. Over Central Africa, Mba et 44 

al. (2018a) found large uncertainties associated with projections at 1.5°C and 2°C. Over West Africa, 45 

Diedhiou et al. (2018) reported uncertainties exhibited in total precipitation and Sylla et al. (2016)  also found 46 

large uncertainty range in Sahel. Gbobaniyi et al. (2014)  emphasized that RCMs from CORDEX exhibit 47 

some biases, which vary in both magnitude and spatial extent from model to model. Similarly, Dosio and 48 

Panitz (2016), Endris et al. (2016) and Klutse et al. (2016) reported large uncertainties in rainfall 49 

characteristics simulated by CORDEX RCMs.  50 

 51 

Research over Africa has improved since AR5 although there is still not enough information on specific 52 

areas for assessment. Towards, the special report on the impact of 1.5°C and 2°C of global warming, a good 53 

effort has been made on the African continent. Klutse et al. (2018), Lennard et al. (2018), Maure et al. 54 

(2018), Mba et al. (2018b), Nikulin et al. (2018), and Osima et al. (2018) used a large ensemble of CORDEX 55 
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Africa simulations, to present the impact of 1.5°C and 2°C global warming levels (GWLs). While Lennard et 1 

al. (2018) and Nikulin et al. (2018)  worked over the whole African continent, Diedhiou et al. (2018), Klutse 2 

et al. (2018), Kumi and Abiodun (2018), Maure et al. (2018) and Mba et al. (2018b) focused on specific 3 

regions of Africa.  4 

 5 

Lennard et al. (2018) and Nikulin et al. (2018)  reported that the CORDEX simulations give a robust 6 

warming over Africa to exceed the mean global warming. A further warming of 0.5°C from 1.5°C can 7 

produce a robust change in some aspects of the African climate and its extremes (Nikulin et al., 2018). 8 

Klutse et al. (2018) and Sylla et al. (2016)  also reported continuous stronger warming over West Africa. 9 

Osima et al. (2018) projected temperature increases reaching 0.8°C over Sudan and northern Ethiopia 10 

implying that the Greater Horn of Africa would warm faster than the global mean. Over southern Africa, 11 

areas in the south-western region of the subcontinent, covering South Africa and parts of Namibia and 12 

Botswana are projected to experience the largest increase in temperature, which are expected to be greater 13 

than the global mean warming (Maure et al., 2018). 14 

 15 

A consistent increase in daily precipitation intensity of wet days is reported over a large fraction of Africa at 16 

1.5°C GWL and strengthening at 2°C (Lennard et al., 2018; Nikulin et al., 2018) . Nikulin et al. (2018) 17 

projected wetter conditions over eastern Africa at both 1.5°C and 2°C GWLs. Sylla et al. (2016)  projected 18 

increase in intensity of very wet events over West Africa. Pinto et al. (2016) projected that rainfall intensity 19 

is likely to increase and magnified under the RCP8.5 compared with the RCP4.5. Osima et al. (2018) 20 

projected the length of dry spells to increase and wet spells to decrease over East Africa. This agrees with 21 

Maure et al. (2018) over southern Africa, Klutse et al. (2018) over West Africa, Mba et al. (2018a) over 22 

Central Africa that the number of consecutive dry days are projected to increase and the number of 23 

consecutive wet days are projected to decrease.  24 

 25 

 26 

[START FIGURE ATLAS.26: HERE] 27 

 28 
Figure Atlas.26: Time series of the change in West Africa annual average temperatures from three CORDEX models 29 

analysed (see the legend). The model changes are relative to the average of the models from 1963 to 30 
2000, while the CRU TS3.22 observational data (from 1963 to 2012) are relative to the observed 1963 31 
to 2000 average (Daron, 2014a). 32 

 33 

[END FIGURE ATLAS.26: HERE] 34 

 35 

 36 

Over Southern Africa, enhanced warming is projected to result in a reduction in mean rainfall across the 37 

region (Maure et al., 2018) and in particular up to 0.4 mm/day over the Limpopo Basin and smaller areas of 38 

the Zambezi Basin in Zambia, and also parts of Western Cape, South Africa. West African river basins 39 

would also decline in the basin-scale irrigation potential under 2°C global warming (Sylla et al., 2018). Kumi 40 

and Abiodun (2018) projected the western and eastern Sahel as the hotspots for a delayed rainfall onset dates 41 

and reduced length of rainy season (LRS) in the 1.5°C to 2°C warmer climates under RCP4.5 and RCP8.5 42 

scenarios. They also projected a delay in rainfall cessation dates and longer LRS over the western part of the 43 

Guinea coast in West Africa. 44 

 45 

[Placeholder: Example of material on climate information providing a summary of WGI assessments of 46 

observed and projected climate change and relevant to WGII regional chapters] 47 

 48 

[Placeholder: Figure Atlas.27, taken from the AR5 WGII Chapter 22 (Africa, Figure 22-1) shows observed 49 

and projected temperature and precipitation change and an updated version consistent with assessments in 50 

the other WGI chapters could be presented here as a summary with sub-continental maps and other figures 51 

made available in the Interactive Atlas. For example, the observed trend maps could be reproduced in the 52 

Interactive Atlas with the facility to plot the associated timeseries and trends over predefined subregions 53 

allowing closer inspection of analysed gridded observations underpinning the continental scale maps.] 54 

 55 
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[START FIGURE ATLAS.27: HERE] 1 

 2 
Figure Atlas.27: Observed and projected temperature and precipitation change in Africa (from the AR5 WGII Chapter 3 

22 (Africa, Figure 22-1)). 4 
 5 

[END FIGURE ATLAS.27: HERE] 6 

 7 

 8 

[START FIGURE ATLAS.28: HERE] 9 

 10 
Figure Atlas.28: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet days’ 11 

for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset of nine GCMs, for the 12 
reference period 1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 13 
period (RCP8.5) defined as exceeding the historical P95 threshold (results shown as relative change, 14 
%). Results are shown model by model in the bottom panels, with the ensemble means shown in the 15 
upper panels. 16 

 17 

[END FIGURE ATLAS.28: HERE] 18 

 19 

 20 

The ensemble of CMIP5 model generally performs well for R95 rainfall intensity but overestimates the 21 

highlands of the continent (Figure Atlas.53:). It also projects an increase in frequency of very wet days over 22 

the equatorial region in the future, which is larger in the east, and a decrease to the north and south. These 23 

features are seen in most of the ensemble members though there are some regional variations where some 24 

models do not agree with the sign of the change (Figure Atlas.53:). In particular, MIROC projects a band of 25 

100% increase at most regions north of the equator. CNRM on the other hand, projects a general increase (at 26 

different percentage changes) in frequency across Africa as does CanESM1 except for most western regions.  27 

 28 

 29 

Atlas.5.3 Asia 30 

 31 

Climate of Asia 32 

 33 

The climate over Asia, which has profound societal and economic impacts, has multiple time-scale 34 

variabilities and exhibited some clear trends in recent decades. Climate models play an irreplaceable role in 35 

understanding the past changes and projecting future changes in climate. However, current state of the art 36 

climate models still shows evident biases in their simulations over Asia, including where: a) complex 37 

topography exists in East Asia; b) the archipelagic nature of most of Southeast Asia pose complex 38 

interactions between land, sea, and mountain dynamics; c) and regions such as Central Asia where there are 39 

limited observations and limited work on evaluating the models. These model deficiencies have limited our 40 

understanding of the mechanisms responsible for climate variability and change based on numerical model 41 

experiments and reduced the reliability of long-term climate change projections. In this section, the Atlas 42 

specifically focuses on assessing findings from recent literature on observed changes and global and regional 43 

modelling, including those from CMIP5/CMIP6 and CORDEX, for East, Southeast, South and Central Asia.  44 

 45 

 46 

Atlas.5.3.1 East Asia 47 

 48 

Atlas.5.3.1.1 Observations, trends and attribution 49 

 50 

The findings of the most recent IPCC reports, AR5 and SR1.5, state that since the middle of the 20th 51 

century, it is likely that there has been an increasing trend in winter temperatures, the frequency of 52 

heatwaves, the numbers of warm days and nights, and the length of drought and/or extreme precipitation 53 

events across much of Asia. Finally, it is likely that surface ozone has strongly increased in East Asia since 54 

the 1990s.  55 

 56 
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Much of East Asia also experiences monsoons, characterized by a wet season and southerly flow in summer 1 

and by dry cold northerly flow in winter. The East Asian summer (EAS) monsoon circulation has 2 

experienced an inter-decadal weakening from the 1960s to the 1980s (Hori et al., 2008; Li et al., 2010a), 3 

associated with deficient rainfall in North China and excessive rainfall in central East China along 30°N 4 

(Gong and Ho, 2002a; Hu, 1997; Wang and An, 2001; Yu et al., 2004). The summer monsoon circulation 5 

has begun to recover in recent decades (Liu et al., 2012; Zhu et al., 2012). The summer rainfall amount over 6 

East Asia shows no clear trend during the 20th century (Zhang and Zhou, 2011), although significant trends 7 

may be found in local station records (Wang et al., 2006). The winter monsoon circulation weakened 8 

significantly after the 1980s (Wang et al., 2009a; Wang and Chen, 2010). The observed monsoon circulation 9 

changes are partly reproduced by GCMs driven by PDO-related SST patterns (Li et al., 2010b; Zhou and 10 

Zou, 2010). 11 

 12 

Also, a year-round decrease has been reported for wind speeds over China at the surface and in the lower 13 

troposphere based on surface observations and radiosonde data (Guo et al., 2011; Jiang et al., 2010; Vautard 14 

et al., 2010; Xu et al., 2010). The changes in wind speed are concomitant with changes in pressure centres 15 

such as a westward extension of the Western Pacific Subtropical High (Gong and Ho, 2002b; Zhou et al., 16 

2009b). A weakening of the East Asian summer monsoon since the 1920s has been also found in SLP 17 

gradients (Zhou et al., 2009a). However, trends derived from wind observations and circulation trends from 18 

reanalysis data carry large uncertainties, and monsoon rainfall trends depend, for example, on the definition 19 

of the monsoon area (Hsu et al., 2011). The suggested weakening of the East Asian monsoon has low 20 

confidence, given the nature and quality of the evidence.  21 

 22 

In an attribution study on the effect of anthropogenic climate change on the intensity of tropical cyclones, 23 

Takayabu et al. (2015) showed that simulations of super typhoon Haiyan using a hypothetical natural 24 

condition without anthropogenic climate change results in higher minimum central pressure and lower 25 

maximum wind speeds that consequently leads to lower storm surge heights than in simulations with the 26 

observed climate (Figure Atlas.29:). 27 

 28 

 29 

[START FIGURE ATLAS.29: HERE] 30 

 31 
Figure Atlas.29: Maximum surface water elevation from storm surge simulations driven by Supertyphoon Haiyan in a 32 

hypothetical natural climate without anthropogenic influence (top) compared to in the current climate 33 
(bottom). The coloured dots show inundation data collected by a field study. (Takayabu et al., 2015). 34 

 35 

[END FIGURE ATLAS.29: HERE] 36 

 37 

 38 

Attribution studies have also assessed if climate change played a role in the frequency or magnitude of the 39 

record breaking 5-day heatwave in Central Eastern China in July 2017 that affected much of the population 40 

and caused severe impacts on public health, agriculture and infrastructure. Using extreme event attribution 41 

techniques where large ensembles of models are run for present day and pre-industrial conditions and their 42 

results compared, Sparrow et al. (2018) simulated a present day climatology over China (Figure Atlas.30:a), 43 

and simulations of the year 2017 with and without anthropogenic effects (with two atmospheric models, a 44 

global climate model, HadGEM3-GA6, and a global and regional modelling system, weather@home). The 45 

study showed that both modelling systems were reasonably close to and captured the range of the observed 46 

distribution (Figure Atlas.30:b). HadGEM3-GA6 suggested that a pre-industrial 2017-like event would never 47 

attain the magnitude of events in its simulation of present day climate (Figure Atlas.31:a) whereas in the 48 

weather@home simulations (Figure Atlas.31:b) the frequency of such an event has increased by a factor of 49 

~5 (Sparrow et al., 2018). Both results suggest that climate change would have significantly increased the 50 

magnitude and such an extreme event and the associated risks for human systems and ecosystems. 51 

 52 
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[START FIGURE ATLAS.30: HERE] 1 

 2 
Figure Atlas.30: (a) Weather@home East Asia 50-km regional boundary (purple, with shading indicating the regional 3 

model sponge layer). The study area for the analysis is shown in green. (b) Distributions of the 4 
fractional occurrence of July Tx5x for 1987–2013 from the station data observations (Li et al., 2016) 5 
(red), HadGEM3-GA6 (blue) and weather@home (yellow). For the observations and HadGEM3-GA6 6 
a GEV fit is shown. For weather@home a normal fit is shown. 7 

 8 

[END FIGURE ATLAS.30: HERE] 9 

 10 

 11 
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 13 
Figure Atlas.31:  Return times from Historical (yellow), Historical2017 (red) and Natural2017 (green) simulations for 14 

Tx5x from (a) HadGEM3-GA6 and (b) CPDN weather@home ensemble. Both normal (dashed black) 15 
and GEV (solid black) fits are shown with the exception of ‘CPDN Historical’ where the GEV fit is 16 
poor and thus omitted from the figure. 17 

 18 
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 20 

 21 

Atlas.5.3.1.2 Assessment of model performance 22 

 23 

The findings of the most recent IPCC reports, AR5 and SR1.5, state that the simulation of interannual 24 

variability of the EAS monsoon circulation has improved in CMIP5 models (Sperber et al., 2013).  25 

 26 

Evaluation of CORDEX-EA models in simulating the climatology of summer extremes in East Asia shows 27 

that the models simulate temperature means more accurately compared to extremes, while precipitation 28 

extremes are simulated better than their means (Park et al., 2016). Estimations of the spatial extent of 29 

drought events using the RCMs are generally accurate in wet regions but inaccurate in dry regions (Um et 30 

al., 2017). 31 

 32 

Topography has a strong effect on the precipitation patterns, and the simulation of precipitation over regions 33 

with complicated topography is a major challenge from scientific viewpoint. RCMs were found to have large 34 

biases in simulating temperature and precipitation over regions characterized by complex topography, such 35 

as the Tibetan Plateau (Guo et al., 2018; Zhou et al., 2016a) and Loess Plateau in northern China (Wang et 36 

al., 2018). 37 

 38 

Figure Atlas.32: and Figure Atlas.33: show an example of climatological rainfall and extreme rainfall in East 39 

Asia, respectively, with maps of accumulated precipitation and the maximum total precipitation in five 40 

consecutive days in observations, two RCMs (RegCM3 and FROALS) and their driving GCM (FGOALS) 41 

(Zou et al., (2016)). These show that the RCMs simulations are more realistic than their driving model in 42 

terms of spatial patterns and magnitudes of the extremes.  43 

 44 

 45 

[START FIGURE ATLAS.32: HERE] 46 

 47 
Figure Atlas.32: The spatial distribution of the JJA total rainfall (shading) averaged over 1981–2005 derived from (a) 48 

the APHRO data set, (b) the FGOALS model (GCM), (c) the RegCM3, and (d) the FROALS model. 49 
Figure from Zou et al. (2016). 50 

 51 
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 53 

 54 
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[START FIGURE ATLAS.33: HERE] 1 

 2 
Figure Atlas.33: As in Figure Atlas.32: but for the maximum consecutive 5-day precipitation (R5d). Figure from Zou 3 

et al. (2016). 4 
 5 

[END FIGURE ATLAS.33: HERE] 6 

 7 

 8 

Figure Atlas.34: shows the spatial distribution of 22-year averaged surface temperature extreme indices from 9 

observation and the biases between observation and simulation. The model generally well reproduces the 10 

spatial pattern of the temperature extreme indices. 11 

 12 

 13 

[START FIGURE ATLAS.34: HERE] 14 

 15 
Figure Atlas.34: Extreme temperature indices for the period 1989–2010, as given by the CN051 observations (left 16 

column), the CCLM RCM (middle column), and the corresponding (CCLM-CN051) biases (right 17 
column): TNn (minimum daily Tmin), Txx (maximum daily Tmax), GSL (annual count between first 18 
span of mean temperature > 5°C and first span after < 5°C), FD (annual count when the daily 19 
minimum temperature < 0°C), and SU (annual count when daily maximum temperature > 25°C) from 20 
top to bottom rows. Figure from Zhou et al. (2016b). 21 

 22 

[END FIGURE ATLAS.34: HERE] 23 

 24 

 25 

Another example of showing and validating climate variability is given in Figure Atlas.35:, which shows 26 

seasonal variation of the simulated summer rainfall in East Asia. Significant seasonal variation in rainfall is 27 

the most distinguishing feature of the monsoonal regions of East Asia. The ability to simulate precipitation in 28 

various seasons is an important aspect in model evaluation. Figure Atlas.35: shows the time-latitude cross 29 

section of precipitation over East Asia, which is a good metric to evaluate the key features of the northward 30 

movement of the major rainfall belt in summer. Models with different horizontal resolutions reproduce the 31 

key features of the northward movement of the major rainfall belt in summer. As the resolution increases, the 32 

whole process of the migration tends to be earlier (Li et al., 2015). 33 

 34 

 35 

[START FIGURE ATLAS.35: HERE] 36 

 37 
Figure Atlas.35: Time-latitude cross section of precipitation averaged between 110°E and 120°E from (a) TRMM 38 

observed estimates and simulated by CAM5 at (b) T42, (c) T106, and (d) T266. The bottom x axis 39 
represents the pentad number. Figure from Li et al. (2015). 40 

 41 

[END FIGURE ATLAS.35: HERE] 42 

 43 

 44 

Figure Atlas.36: shows an example of validating the general ability of the regional model to reproduce the 45 

seasonal surface temperature climatology by comparing the CORDEX-EA model simulations with the 46 

observations during the period of 1989–2010. In winter, CCLM has large warm biases over most of the high 47 

latitude region above 40°N and the Indian Peninsula. On the other hand, cold biases occur over the Tibetan 48 

Plateau and Indochina Peninsula. In summer, the model tends to overestimate the surface temperature over 49 

most of China. 50 

 51 

 52 

[START FIGURE ATLAS.36: HERE] 53 

 54 
Figure Atlas.36: Observed and simulated seasonal mean 2-m temperatures for the period 1989–2010, for 0.22 CCLM 55 

simulations (CCLM, top row), CCLM bias against CRU (CCLM-CRU, second row), CCLM bias 56 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-37 Total pages: 242 

against CN051 (CCLM-CN051, third row) and 0.22 CCLM simulations difference against 0.44 1 
CCLM simulations (CCLM-CCLM44, bottom row). The columns from left to right are for winter 2 
(DJF), spring (MAM), summer (JJA), and autumn (SON). Figure from Zhou et al. (2016b). 3 

 4 

[END FIGURE ATLAS.36: HERE] 5 

 6 

 7 

[Placeholder: Many more examples of assessing how well model simulations simulate historical climate will 8 

be made available in the Interactive Atlas in future drafts.] 9 

 10 

Evaluation of the ability of CORDEX-EA models in simulating tropical cyclone (TC) activity over the 11 

western North Pacific indicates that models reasonably capture the observed climatological spatial 12 

distribution and interannual variability of TC activity. But due to the low horizontal resolutions (~50 km), 13 

RCMs tend to underestimate TC intensity (Jin et al., 2016).  14 

 15 

 16 

Atlas.5.3.1.3 Assessment of projections 17 

 18 

The findings of the most recent IPCC reports, AR5 and SR1.5, state that future increase in precipitation 19 

extremes related to the monsoon is very likely in East Asia, South Asia, Southeast Asia and Australia. Lesser 20 

model agreement results in medium confidence that monsoon-related interannual precipitation variability will 21 

increase in the future. Model skill in representing regional monsoons is lower compared to the global 22 

monsoon and varies across different monsoon systems. For the East Asian summer monsoon, both monsoon 23 

circulation and precipitation are projected to increase. More than 85% of CMIP5 models show an increase in 24 

mean precipitation of the East Asian summer (EAS) monsoon, while more than 95% of models project an 25 

increase in heavy precipitation events. A slight increase in the East Asian monsoon circulation is projected. 26 

 27 

In summary, based on CMIP5 model projections, there is medium confidence that with an intensified East 28 

Asian summer monsoon, summer precipitation over East Asia will increase (AR5). Under RCP4.5 scenario, 29 

precipitation increase is likely over East Asia during the Meiyu-Changma-Baiu season in May to July, and 30 

precipitation extremes are very likely to increase over the eastern Asian continent in all seasons and over 31 

Japan in summer. However, there is only low confidence in more specific details of the projected changes 32 

due to the limited skill of CMIP5 models in simulating monsoon features such as the East Asian monsoon 33 

rainband. 34 

 35 

Figure Atlas.37: shows an example of projected changes in summer rainfall in East Asia by looking at 36 

several widely used rainfall indices. The accumulated precipitation amount is defined as the total 37 

precipitation of days with daily precipitation greater than or equal to 1 mm (PRCPTOT). Consecutive dry 38 

days (CDD) are defined as the greatest number of consecutive days with daily precipitation below 1 mm. 39 

R5d is defined as the maximum consecutive 5-day total precipitation. R95p is defined as the accumulated 40 

precipitation amounts of daily precipitation greater than the 95th percentile of wet days. These show the 41 

potential for significant changes in the hydrological cycle to result from global warming but also differences 42 

in spatial details from the various model projections (see Chapter 10 for a discussion of the implications of 43 

such findings).  44 

 45 

[Placeholder: Similar results from the analysis of CORDEX E Asia, see Technical Annex X, and CMIP6 46 

simulations will be provided in subsequent Atlas drafts and included in the Interactive Atlas.] 47 

 48 

 49 

[START FIGURE ATLAS.37: HERE] 50 

 51 
Figure Atlas.37: Spatial distributions of the projected changes to the June-July-August (JJA) mean total rainfall 52 

(PRCPTOT, mm), extreme rainfall amount indices (R5d and R95p, mm) and maximum number of 53 
consecutive dry days (CDDs, day) for the period of 2051–2070 under the RCP 8.5 scenario relative to 54 
the period of 1986–2005. Results for FGOALS-g2, RegCM3 and FROALS are shown in the left, 55 
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middle and right column, respectively. Dotted areas are statistically significant at the 5% level, 1 
according to Student’s t test. Figure from Zou and Zhou (2016). 2 

 3 

[END FIGURE ATLAS.37: HERE] 4 

 5 

 6 

Projections using the HadGEM2-ES and the Providing Regional Climate Impacts for Studies (PRECIS) 7 

model under RCP4.5 and RCP8.5 suggest that there would be an increase in the days with precipitation 8 

higher than 15 mm and a decrease in the days with precipitation less than 5 mm. Under both RCPs, there 9 

would be an increasing trend in the magnitude of changes in precipitation extremes indices (R95p, R99p, and 10 

simple daily intensity index) over China, while an opposite trend is projected for consecutive wet days 11 

(CWD) and no apparent trend is projected for wet-day frequency (WDF) from 2036–2065 to 2070–2099.  12 

 13 

Figure Atlas.38: shows the annual very wet days, warm nights and warm days over East Asia for an 14 

ensemble of nine CMIP5 models in historical period of 1986–2005 and changes in future period of 2081–15 

2100. Ensemble results indicates that models generally well reproduce the spatial distribution and magnitude 16 

of ‘warm nights’ and ‘warm days’, but show relative large uncertainty in simulating ‘very wet days’, e.g., the 17 

models tends to overestimate (underestimate) the P95 intensity over the southwestern China leeside of the 18 

Tibetan Plateau (southern coastal areas). The change of ‘very wet days’ frequency in CMIP5 models over 19 

central eastern China is relative small, while it is larger over eastern Tibetan Plateau and northern China. The 20 

changes of ‘warm nights’ and ‘warm days’ in RCP8.5 is similar, i.e., a large (small) increase over the regions 21 

south (north) of Yangtze river valley.  22 

 23 

 24 

[START FIGURE ATLAS.38: HERE] 25 

 26 
Figure Atlas.38: (a-c) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 27 

days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset (ensemble mean of 28 
nine GCMs), for the reference period 1986–2005. (c) Change in frequency of very wet days for the 29 
future 2081–2100 period (RCP8.5) defined as exceeding the historical P95 threshold (results shown as 30 
relative change, %). Similar results in (d–f) and (g–i) for absolute daily minimum and maximum 31 
temperature amounts corresponding to the 90th percentile (P90, defining ‘warm nights’ and ‘warm 32 
days’, respectively) and the corresponding changes in frequency for the future 2081–2100 period 33 
(RCP8.5) defined as exceeding the historical P90 threshold (results shown as relative change, %). 34 
Similar analysis for other indices and scenarios (including warming levels) are available at the 35 
Interactive Atlas (http://ipcc-atlas.ifca.es). 36 

 37 

[END FIGURE ATLAS.38: HERE] 38 

 39 

 40 

Increased extreme precipitation amounts accompanied with decreased frequencies of extreme precipitation 41 

suggest that the future daily extreme precipitation intensity will likely increase in northeast China and south 42 

China (Zhu et al., 2018). The future projected change in annual and seasonal mean temperature by RCMs is 43 

consistent with the results from the driving GCM. However, changes in annual and seasonal mean 44 

precipitation exhibit significant inter-RCM differences, which implies that there is still large uncertainty in 45 

the projection of precipitation (Gu et al., 2018).  46 

 47 

[Placeholder: Example of a summary of the range of projected changes in an index of heavy daily 48 

precipitation in the CMIP ensemble of potential relevance to WGII regional chapters] 49 

 50 

[Placeholder: Figure Atlas.39:, which is taken from the AR5 WGII Chapter 21 (Regional Context, Figure 51 

21-8), shows projected changes in heavy rainfall days in the CMIP5 ensemble for two future time periods 52 

and two emissions scenarios (RCP4.5 and 8.5) relative to a 1961–1990 baseline. Summary figures of this 53 

nature will be provided in the Atlas once CMIP6 and CORDEX data have been analysed with related figures 54 

for other indices, references periods and scenarios available in the Interactive Atlas.] 55 

 56 

http://ipcc-atlas.ifca.es/
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 1 

[START FIGURE ATLAS.39: HERE] 2 

 3 
Figure Atlas.39: Projected changes in heavy rainfall days (defined as events above the 90% percentile of daily rainfall 4 

in the model baseline simulation) in the CMIP5 ensemble for two future time periods and two 5 
emissions scenarios (RCP4.5 and 8.5) relative to a 1961–1990 baseline (Figure 21-8 in the AR5 WGII 6 
Chapter 21 Regional Context) 7 

 8 

[END FIGURE ATLAS.39: HERE] 9 

 10 

 11 

[Placeholder: In future drafts the Atlas will synthesize the different sets of information available over Asia in 12 

terms of in terms of time period, temporal resolution, spatial resolution, climate variables analysed, see 13 

Table Atlas.8:] 14 

 15 

 16 

[START TABLE ATLAS.8: HERE] 17 

 18 
Table Atlas.8: Table of CORDEX runs over East Asia region. 19 

 20 
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EA 1 HadGEM2-AO  RSM 50 km 1980–2005 2006–2050 RCP4.5     

RCP8.5  

EA 2 HadGEM2-AO RegCM4 50 km 1979–2005 2006–2050 RCP4.5     

RCP8.5  

EA 3 HadGEM2-AO SNURCM 50 km 1980–2005 2006–2049 RCP4.5     

RCP8.5  

EA 4 HadGEM2-AO WRF3.2 50 km 1980–2005 2006–2049 RCP4.5     

RCP8.5  

EA 5 HadGEM2-AO HadGEM3-RA 12.5 km 1950–2005 2006–2100 RCP4.5     

RCP8.5  

RCP85  

EA 6 EC-EARTH RegCM4     RCP26     

RCP45  

RCP85  

EA 7 MPI-ESM-MR RegCM4  25 km   RCP26     

 RCP45  

25 km RCP85  

EA 8 CSIRO-MK3.6 RegCM4     RCP45     

RCP85  

EA 9 HadGEM2-ES RegCM4 25 km   RCP26     

 RCP45  

25 km RCP85  

EA 10 ERA-Int   1980–2010 2075–2095 RCP8.5     

EA 11 MRI-AGCM   1980–2010 2075–2095 RCP8.5     

EA 12 ERA-Int WRF 25 km        

EA 13 ERA-Int RegCM4.3 25 km        
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EA 14 ERA-Int RegCM4.4 25 km        

EA 15 ERA-Int CCLM5.0 0.22°        

EA 16 EC-EARTH WRF 25 km   RCP8.5     

EA 17 EC-EARTH RegCM4.3 25 km   RCP8.5     

EA 18 EC-EARTH RegCM4.4 25 km   RCP4.5     

RCP8.5  

EA 19 MPI-ESM-MR RegCM4.4 25 km   RCP2.6     

RCP4.5  

RCP8.5  

EA 20 MPI-ESM-LRr1 WRF    RCP4.5     

25 km RCP8.5  

EA 21 MPI-ESM-LRr1 RegCM4.3    RCP4.5     

25 km RCP8.5  

EA 22 CNRM-CM5 RegCM4.3 25 km   RCP8.5     

EA 23 CNRM-CM5 WRF 25 km   RCP8.5     

EA 24 NorESM1-M RegCM4.3 25 km   RCP2.6     

RCP4.5  

RCP8.5  

 1 

[END TABLE ATLAS.8: HERE]] 2 

 3 

 4 

[Placeholder: A synthesis of this information can also be illustrated, e.g. in Figure Atlas.40:, which shows 5 

the different climate change projections simulations from CORDEX-EA in terms of RCP scenarios, GCM 6 

forcing data, and regional climate models used.]  7 

 8 

 9 

[START FIGURE ATLAS.40: HERE] 10 

 11 
Figure Atlas.40: Different climate change projections simulations from CORDEX-EA in terms of RCP scenarios, 12 

GCM forcing data, and regional climate models used. 13 
 14 

[END FIGURE ATLAS.40: HERE]] 15 

 16 

 17 

[Placeholder: Table on other additional information to be added in the SOD] 18 

 19 

[Placeholder: In future drafts the Atlas will also include tables or figures on the density of literature on 20 

regional climate modelling data, including CORDEX, in Asia, e.g. Table Atlas.9:] 21 

 22 

 23 

[START TABLE ATLAS.9: HERE] 24 

 25 
Table Atlas.9: Scientific literature on regional climate modelling data in Asia 26 

 27 

Literature on climate modelling datasets in Asia Southeast Asia Central Asia East Asia South Asia 

Type of Data     

Total number of literature     

Number of academic refereed publications     

Number of grey literature     

Type of Data     

Total number of literature     

Number of academic refereed publications     

Number of grey literature     

 28 
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[END TABLE ATLAS.9: HERE]] 1 

 2 

Atlas.5.3.2 Southeast Asia 3 

 4 

The Southeast Asia region is composed of countries that are part of Indochina (or Mainland Southeast Asia) 5 

and countries that are very archipelagic in nature and have strong interactions between land and ocean, 6 

including those that are part of the maritime continent. Rainfall seasonal variability in the region is affected 7 

by tropical cyclones from the Northwest Pacific and the synoptic scale monsoon systems (northeast and 8 

southwest) while intraseasonal variability can be influenced by the Madden-Julian Oscillation (MJO). 9 

Temperature and especially rainfall are also affected by the El Niño-Southern Oscillation (ENSO). Southeast 10 

Asia can be further divided into subregions because of the different ways these atmospheric systems affect 11 

the region. In particular, CORDEX simulation results are validated for the whole region and for the 12 

subregions shown in Figure Atlas.41: (Cruz and Sasaki, 2017; Juneng et al., 2016; Ngo-Duc et al., 2017). 13 

These subregions are based on the historical behaviour of rainfall from previous studies on Southeast Asia. 14 

For example, there are two subregions over the Philippines, which are based on two dominant climate types 15 

that are strongly influenced by the synoptic scale monsoon systems (the southwest and northeast monsoons). 16 

Over Vietnam, there is a north-south division of subregions as rainfall is highest in the north during summer 17 

while rainfall peaks during winter in Southern Vietnam. More information on the climatic subregions over 18 

Southeast Asia can be found in Juneng et al. (2016).  19 

 20 

 21 

[START FIGURE ATLAS.41: HERE] 22 

 23 
Figure Atlas.41: CORDEX-SEA subregions based on historical rainfall climatology and variability (Juneng et al., 24 

2016) 25 
 26 

[END FIGURE ATLAS.41: HERE] 27 

 28 

 29 

Atlas.5.3.2.1 Observations, trends and attribution 30 

 31 

Within the last decade, there has been an increasing number of studies on climatic trends over the Southeast 32 

Asia region. These studies were either carried out on regional basis (Cheong et al., 2018; Thirumalai et al., 33 

2017) or focused on specific countries (Cinco et al., 2014; Guo et al., 2017; Mayowa et al., 2015; Sa’adi et 34 

al., 2017; Supari et al., 2017; Villafuerte et al., 2014; Villafuerte and Matsumoto, 2015). In general, these 35 

studies have indicated an increasing trend in the mean temperature as well as the extreme maximum and 36 

minimum temperature. Cheong et al. (2018) analysed stations data from 1972-2010 over Southeast Asia and 37 

reported faster increment rate in the minimum temperature related extremes, and suggested a reduction in the 38 

daily temperature range. The increment rate of the annual minimum of daily minimum temperature was 39 

reported to be 0.6°C/decade averaged over the entire region. There would correspond to an overall increase 40 

in the frequency of warm nights, coupled with a decrease in the frequency of cold days and nights, with the 41 

largest increment of warm nights and warm days occurring in DJF at 4.8% and 8.8% of day/decade, 42 

respectively. The increase in hot days and decrease in cold nights are evident and significant over the 43 

Philippines (Cinco et al., 2014), Thailand (Limjikaran and Limsakul, 2012; Sharma and Babel, 2014) and 44 

Indonesia (Siswanto et al., 2016; Supari et al., 2017), with both the highest and lowest values of daily 45 

minimum temperatures also increasing over Thailand, the decline in the frequency of cold nights occurring at 46 

a relatively faster rate over Indonesia.Over Jakarta (Indonesia), the daily maximum temperature has 47 

increased relatively faster than mean and minimum temperatures. These results are consistent with the 48 

findings of the AR5, which showed that the mean annual temperature of Southeast Asia (SEA) has been 49 

increasing at a rate of 0.14°C to 0.20°C per decade since the 1960s, along with an increasing number of 50 

warm days and nights, and a decreasing number of cold days and nights. 51 

 52 

Extreme temperatures are also strongly influenced by ENSO. Thirumalai et al. (2017) reported that almost 53 

all April extreme temperature occur in El Niño years and that global warming contributed to about half of the 54 

warming observed in 2016. In most of Southeast Asia (except for the north-eastern areas), Cheong, et al 55 
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(2018) detected an increase in the number of warm nights with El Niño episodes within the period of 1972–1 

2010. Over the Philippines, the largest positive anomaly in mean temperatures since the 1960s occurred in 2 

1998 at the end of a strong El Niño event (Cinco et al., 2014) 3 

 4 

Changes of mean precipitation is less spatially coherent over Southeast Asia. There have been observed 5 

decreasing long term trends in annual and seasonal rainfall, with a decline in Southwest monsoon rainfall 6 

during the months of June to September in the Philippines, a declining trend especially in dry season rainfall 7 

in Indonesia that is correlated with ENSO, and a decrease in the annual and seasonal maximum daily rainfall 8 

in most parts of the Maritime Continent (Cruz et al., 2013; Kirono et al., 2015; Supari et al., 2017; 9 

Villafuerte and Matsumoto, 2015). While annual precipitation and precipitation events in general have 10 

declined, there have been an increase in the contribution of very wet days to annual total precipitation in the 11 

north-western and southwestern areas of the region and a significant increase in the annual total wet-day 12 

precipitation and in the numbers of heavy and extremely heavy precipitation days in the equatorial 13 

subregions in the south-eastern and southwestern areas (Cheong et al., 2018; Limsakul and Singhruck, 2016; 14 

Sharma and Babel, 2014; Siswanto et al., 2016). Country specific studies have shown similar increasing 15 

trends on extreme rainfall related indices. Supari et al. (2017) analysed observation station data over 16 

Indonesia and reported a tendency of increment in rainfall related extreme, with a simple daily rainfall 17 

intensity rate of 0.21 mm/day per decade and an annual highest daily amount rate of 1.65 mm/decade. Over 18 

the Philippines, Cinco et al. (2014) reported a weak increasing trend of extreme rainfall event intensity and 19 

frequency. Over Malaysia, Sa’adi et al. (2017) and Syafrina (2015) also reported an increment of hourly 20 

rainfall extreme over the east and the Peninsular of Malaysia respectively. Over Thailand, Limsakul and 21 

Singhruck (2016) analysed station data and concluded that on the average, rain day events have decrease by 22 

a rate of –.99 days/decade while simple daily intensity has increased by 0.17mm/day per decade. The 23 

increase in rainfall extremes and annual total wet-day rainfall are consistent with AR5 findings, which 24 

showed that the annual total wet-day rainfall and rainfall from extreme rainy days have increased by 22 mm 25 

and 10 mm per decade, respectively and that the ratio of rainfall in wet to dry season in SEA has also 26 

increased between 1955 and 2005. Findings of AR5 also show that the frequency of extreme rainfall events 27 

has been increasing in the northern parts of SEA, although it is decreasing in Myanmar. 28 

 29 

As with temperature, precipitation is also affected by ENSO events in Southeast Asia. There has been a 30 

significant increase in the amount of maximum daily precipitation with La Niña episodes in 1972-2010, 31 

especially during the winter monsoon period between December and February (Cheong et al., 2018). Over 32 

the Maritime Continent and Thailand, the likelihood of extreme rainfall events and greater amounts of 33 

precipitation are higher during La Niña and lower during El Niño years (Limsakul and Singhruck, 2016; 34 

Villafuerte and Matsumoto, 2015).  35 

 36 

It is important to note that the availability, quality, and temporal and spatial density of observation data can 37 

introduce uncertainties to the detected changes in historical climate. This may lead to varying results because 38 

of the uncertainty in the temporal and spatial characteristics of observations in the region. Juneng et al. 39 

(2016) showed root mean square differences (RMSD) in precipitation values of up to 8 mm/day when 40 

comparing four different observation datasets available for Southeast Asia. Figure Atlas.42: shows the 41 

differences in the precipitation values, density, and temporal coverage, of the various observation datasets 42 

available for Southeast Asia. The lack of observation data was a key finding of AR5 where the report noted 43 

that there is a lack of sufficient observational records to allow for full understanding of precipitation trends 44 

over the past century in most of the Asian region and that precipitation trends that are available (e.g. 45 

Southeast Asia) differ vastly across the region and between seasons. 46 

 47 

 48 

[START FIGURE ATLAS.42: HERE] 49 

 50 
Figure Atlas.42: [Placeholder: Differences in the precipitation values of the various observation datasets available for 51 

Southeast Asia from Juneng et al. (2016). (Note that differences in density, and temporal coverage 52 
will also be shown).] 53 

 54 
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[END FIGURE ATLAS.42: HERE] 1 

 2 

 3 

Atlas.5.3.2.2 Assessment of model performance 4 

 5 

Compared to AR5, the number of publications using climate model greatly increased for Southeast Asia. 6 

However there are difficulties in validating high-resolution simulations due to the inadequacies of coarse-7 

scale observed gridded datasets (Van Khiem et al., 2014) or the uncertainties in the observations themselves 8 

(Juneng et al., 2016). Some efforts have been done to produce better observationally-based gridded datasets 9 

for the region (e.g. APHRODITE2; Nguyen-Xuan et al., 2016; SA-OBS; van den Besselaar et al., 2017). 10 

 11 

Regional climate models (RCMs) have been intensively used over the regions in recent years. The RCMs 12 

can reproduce reasonably well seasonal climate pattern of temperature, precipitation and large-scale 13 

circulation over the different subregions of SEA (Cruz et al., 2017; Juneng et al., 2016; Katzfey et al., 2016; 14 

Kwan et al., 2014; Loh et al., 2016; Ngo-Duc et al., 2014, 2017; Raghavan et al., 2016; Ratna et al., 2017; 15 

Trinh-Tuan et al., 2018; Van Khiem et al., 2014). The performance of GCMs should be assessed before 16 

being used as boundary conditions for the RCM experiments (Katzfey et al., 2016; Siew et al., 2013). Some 17 

GCMs are capable of simulating the precipitation seasonal cycle reasonably well but with weaker interannual 18 

variations (Siew et al., 2013). The CMIP5 models could simulate the spatial pattern of the winter monsoon 19 

rainfall but with a large spread of wet bias magnitude (Siew et al., 2013). Raghavan et al. (2018b) analysed 20 

randomly 10 CMIP5 models and revealed that no particular model performed well in simulating historical 21 

rainfall over SEA. Katzfey et al. (2016) bias corrected the GCM SST before using it for downscaling.  22 

 23 

Some RCMs generally showed a systematic cold bias for near surface temperature (Cruz et al., 2017; Cruz 24 

and Sasaki, 2017; Kwan et al., 2014; Loh et al., 2016; Manomaiphiboon et al., 2013; Ngo-Duc et al., 2014). 25 

Cold biases are mainly due to model physics (Kwan et al., 2014; Manomaiphiboon et al., 2013) and/or the 26 

biases in the SST forcing (Ngo-Duc et al., 2014). Van Khiem et al. (2014) however showed a slight warm 27 

bias of simulated temperature over some subregions of Vietnam. Temperature was shown to be strongly 28 

influenced by the choice of cumulus scheme (Cruz et al., 2017). The biases for precipitation were found to 29 

be greater and less systematic with wet or dry biases depending on the subregions (Juneng et al., 2016; Kwan 30 

et al., 2014; Manomaiphiboon et al., 2013; Van Khiem et al., 2014). Systematic wet biases were found in 31 

model simulations in both DJF and JJA (Juneng et al., 2016; Kirono et al., 2015; Kwan et al., 2014; Van 32 

Khiem et al., 2014). The wet biases over mainland Indochina could be linked to the lack of summer air-sea 33 

interactions in the RCM experiments (Juneng et al., 2016). Regional climate models differ in simulating 34 

rainfall interannual variability. Juneng et al. (2016) found stronger interannual variability of rainfall 35 

compared to observations while Kirono et al (2015) showed model underestimation of interannual 36 

variability. Simulated rainfall amount is sensitive to the choice of convective scheme (Juneng et al., 2016; 37 

Ngo-Duc et al., 2017) and the choice of land-surface scheme (Chung et al., 2018). Rainfall biases can be 38 

greatly reduced if a bias correction method such as the quantile mapping is applied (Trinh-Tuan et al., 2018). 39 

 40 

Extreme indices have been generally estimated using the core indices recommended by the joint WMO 41 

Commission for Climatology (CCI)/World Climate Research Programme (WCRP) Climate Variability and 42 

Predictability (CLIVAR) project’s Expert Team on Climate Change Detection, Monitoring and Indices 43 

(ETCCDMI) (Manomaiphiboon et al., 2013; Ngo-Duc et al., 2014, 2017). There is better coherence for 44 

temperature extreme indices than for precipitation extreme indices. Over Thailand, the occurrence frequency 45 

of dry days are under-predicted (Manomaiphiboon et al., 2013). Climatic heavy rainfall centres can be well 46 

captured (Kieu-Thi et al., 2016). The pattern of tropical cyclone numbers can be reasonable represented by 47 

RCM outputs (Kieu-Thi et al., 2016; Van Khiem et al., 2014).  48 

 49 

Multi-model experiments have been conducted (Cruz et al., 2017; Juneng et al., 2016; Katzfey et al., 2016; 50 

Ngo-Duc et al., 2014, 2017; Raghavan et al., 2018a; Van Khiem et al., 2014). Ngo-Duc et al. (2014) showed 51 

that the ensemble mean product tends to outperform the individual model in representing the climatological 52 

mean state. By examining the similarity index omega (Koster et al., 2000, 2002) to assess how model 53 

simulations agree or disagree in simulating historical climate for temperature and precipitation extreme 54 

indices, Ngo-Duc et al. (2017) found that there are relatively high similarities among the simulations over 55 
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mainland Asia compared to those over the Maritime Continent for both seasonal and inter-annual variability. 1 

The extreme rainfall indices had a lower omega compared to that of temperature. Figure Atlas.43: and Figure 2 

Atlas.44: show the similarity index omega for the different CORDEX-SEA historical simulations for 3 

extreme indices of temperature and rainfall, respectively [These are placeholder figures for summary model 4 

evaluation figures using data available in the Interactive Atlas].  5 

 6 

 7 

[START FIGURE ATLAS.43: HERE] 8 

 9 
Figure Atlas.43: Similarity index omega between the different CORDEX-SEA historical simulations for different 10 

temperature-based extreme indices (from Ngo-Duc et al., 2017) 11 
 12 

[END FIGURE ATLAS.43: HERE] 13 

 14 

 15 

[START FIGURE ATLAS.44: HERE] 16 

 17 
Figure Atlas.44: The same as Figure Atlas.43: but for precipitation (from Ngo-Duc et al., 2017) 18 
 19 

[END FIGURE ATLAS.44: HERE] 20 

 21 

 22 

Atlas.5.3.2.3 Assessment of projections 23 

 24 

There has been limited published literature on future climate projections for Southeast Asia that are based on 25 

multi-model regional climate simulations. Many of the previous works were country specific and were based 26 

on either limited GCMs or RCMs or both. Ngo-Duc et al. (2014) used three RCMs for projecting future 27 

climate in Vietnam and some extreme indices until 2050s for the SRES A1B scenario. The temperature trend 28 

was found to be positive and significant over the study area and may increase up to 1.8ºC in the boreal 29 

summer (JJA). Loh et al. (2016) concluded that the projected temperature increments over Malaysia were 30 

uniform, ranging from 2.7 to 4.2oC and 1.7 to 3.1oC for A2 and B2 scenarios, respectively.  31 

 32 

More recent works that use the RCP scenarios over the region are consistent with previous results that used 33 

the SRES scenarios. Temperature over Southeast Asia are projected to increase by more than 3.5ºC across 34 

the region by the end of the century under RCP 8.5, and a maximum increase of 2ºC under RCP 4.5. 35 

Furthermore, under RCP 8.5, daily maximum temperatures of more than 30ºC could be expected more 36 

frequently by the end of the century, although different areas and cities in the region could have higher 37 

values (Raghavan et al., 2018a). Further, the completion of multi-model and high-resolution (25 km) 38 

simulations under CORDEX Southeast Asia provided more opportunity for robust assessment of future 39 

climate changes over SEA. Based on ten ensemble members, Tangang et al. (2018) showed that the 40 

projected temperature increase over SEA ranges from 3.6 to 5.6oC by the end of 21st century under RCP8.5. 41 

These findings on regional warming in Southeast Asia are consistent with WGII AR5 findings that showed 42 

warming is very likely in the mid- and late 21st century over all land areas of Asia based on CMIP5 43 

simulations under all four RCP scenarios. For SEA in particular, WGII AR5 assessed that, under the RCP8.5 44 

scenario, the ensemble-mean changes in mean annual temperature over the region will likely exceed 3°C 45 

above the late 20th century baseline in the late 21st century. 46 

 47 

Data from CMIP5 models available in the Interactive Atlas show projected trends in temperature that are 48 

consistent with current observation trends. There is a projected slight increase in the percentage of days 49 

when the maximum temperature exceeds the 90% percentile (TX90p) under the RCP8.5 scenario (see Figure 50 

Atlas.45:). Figure Atlas.46: shows the same but for the minimum temperature (TN90p).  51 

 52 
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[START FIGURE ATLAS.45: HERE] 1 

 2 
Figure Atlas.45: An ensemble average of the CMIP5 models (available in the Interactive Atlas) for (a) the simulation 3 

of the percentage of days when the maximum temperature exceeds 90th percentile values (TX90p) for 4 
the historical baseline period (1986–2005) and (b) the projected mid-future (2041–2060) changes, 5 
under RCP85, compared to the baseline values. Similar analysis for other indices and scenarios 6 
(including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 7 

  8 

[END FIGURE ATLAS.45: HERE] 9 

 10 

 11 

[START FIGURE ATLAS.46: HERE] 12 

 13 
Figure Atlas.46: The same as Figure Atlas.45: but for minimum temperature (TN90p).  14 
 15 

[END FIGURE ATLAS.46: HERE] 16 

 17 

Projections of future rainfall changes in terms of means and extremes are highly variable. Over the 2020–18 

2050 period, an increase in precipitation is projected over most of Southeast Asia, with the change being 19 

more pronounced in the Maritime Continent under RCP4.5. However, towards the end of the century, high 20 

increase in precipitation over the northern areas of Southeast Asia are projected under RCP8.5 (Raghavan et 21 

al., 2018a). Over Vietnam, future changes in precipitation vary from –25% to +15% depending on regions 22 

and seasons, with the most significant increasing trend over the coastal area during the rainy season, 23 

suggesting more severe water-related disasters in this region in the future (Ngo-Duc et al., 2014). Over 24 

Indonesia, significant and robust increase is projected for annual CDD, when global mean temperature 25 

would reach 2oC and for RCPs 8.5 and 4.5 (Tangang et al., in prep.). Based on seven ensemble members, 26 

Tangang et al. (in prep.) showed significant mean rainfall changes up to 15% over Thailand during dry 27 

months (boreal winter) with a tendency of getting wetter and drier over northern-central-eastern parts and 28 

southern parts, respectively. During wet months (boreal summer), reduction of rainfall is projected 29 

throughout the country by as much as 10% in some areas. Recent work by Kang et al. (2019), which was 30 

based on 3 GCMs and one RCM, projected significant decrease in rainfall, especially during the inter-31 

monsoon periods.  32 

 33 

CORDEX simulations show that, for both 1.5ºC and 2ºC global warming levels, the projected precipitation 34 

extremes are significantly amplified over Indochina Peninsula and the Maritime Continent, with the numbers 35 

of wet and extremely wet days increasing more abruptly than the total and daily average precipitation of all 36 

wet days. Overall, median changes of all precipitation indices, except for the number of CWD, are always 37 

larger across Southeast Asia under a 2ºC global warming scenario. In particular, the number of heavy 38 

precipitation days would increase to 29.28% from 20.66% associated with a 1.5ºC global warming level (Ge 39 

et al., 2019). These confirm the findings of WGI AR5 on future increases in precipitation extremes related to 40 

the monsoon that are very likely in SEA.  41 

 42 

Consistent with literature, daily rainfall amount corresponding to the 95th percentile (very wet day) over 43 

Southeast Asia are projected to increase under the RCP8.5 scenario, based on an ensemble mean of the 44 

results from the CMIP5 models in the Interactive Atlas, by at least 20% in most regions and as much as 80% 45 

over the maritime continent (see Figure Atlas.47). Projections from individual models are generally 46 

consistent with this result though there are some models having reductions in some regions. 47 

 48 

 49 

[START FIGURE ATLAS.47: HERE] 50 

 51 
Figure Atlas.47: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining “very wet days” 52 

for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset, for the reference period 53 
1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) 54 
defined as exceeding the historical P95 threshold (results shown as relative change, %). Results are 55 
shown model by model in the bottom panels, with the ensemble means shown in the upper panels. 56 

http://ipcc-atlas.ifca.es/
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Similar analysis for other indices and scenarios (including warming levels) are available at the 1 
Interactive Atlas (http://ipcc-atlas.ifca.es). 2 

 3 

[END FIGURE ATLAS.47: HERE] 4 

 5 

 6 

Atlas.5.3.3 South Asia 7 

 8 

Atlas.5.3.3.1 Observations, trends and attribution 9 

 10 

IPCC AR5 assessed that it is very likely that the mean annual temperature over South Asia has increased 11 

during the past century (see Figure 2.21 in Hartmann et al., 2013 and Figure 24-2 in Hijioka et al. 2014), and 12 

the frequency of cold (warm) days and nights have decreased (decreased) across most of Asia since about 13 

1950 (based on Figure 2.32 in Hartmann et al., 2013). There is only medium confidence (due to the issues 14 

with defining events) that globally the length and frequency of warm spells, including heat waves, has 15 

increased since the middle of the 20th century although it is likely that heat wave frequency has increased 16 

during this period in large parts of few continents including Asia (Hartmann et al., 2013).  17 

 18 

Recent studies show that the Indian annual mean land temperatures have warmed at a rate by around 19 

0.6°C/century during 1901−2010, which was primarily contributed by significant increase in annual 20 

maximum temperature by 1.0°C/century, while the annual minimum temperature showed lesser increasing 21 

trend of 0.18°C/century during this period, with significant rise only in the recent few decades (1981-2010) 22 

at a rate of 0.17°C per decade (A.K. Srivastava, 2017). The observed frequency of total duration and 23 

maximum duration of heat waves over central and north-western parts of India during April to June summer 24 

months are increasing (Rohini et al., 2016). It was attributed that the anomalous persistent high with anti-25 

cyclonic flow, supplemented with clear skies and depleted soil moisture were primarily responsible for the 26 

occurrence of heat waves over India. The increase in the number of intensive heat waves between March and 27 

June in India over a recent-past decade was attributed to an upper level cyclonic anomaly over the west of 28 

North Africa and a cooling anomaly in the Pacific (Ratnam et al., 2016). The surface air temperature changes 29 

over India during 1956−2005 was attributed to anthropogenic forcing mostly by greenhouse gases and 30 

partially offset by other anthropogenic forcing including aerosols and land use land cover change by a 31 

detection and attribution study using observational datasets and the CMIP5 archive of multiple global 32 

climate models with forced and unforced simulations (Dileepkumar et al., 2018). The observed changes in 33 

maximum temperature during the post-monsoon and minimum temperature during the pre-monsoon and 34 

monsoon seasons in South India during 1950−2005 were found to be detectably different from natural 35 

variability, and these temperature changes were attributed to climate change induced by anthropogenic 36 

effects (Sonali and RS, 2018).  37 

 38 

On precipitation, IPCC AR5 reported that most areas of the Asian region lack sufficient observational 39 

records to draw conclusions about trends in annual precipitation over the past century (Hartmann et al., 2013; 40 

see Figure 24-2 in Hijioka, et al., 2014). In South Asia, seasonal mean rainfall showed inter-decadal 41 

variability, noticeably a declining trend with more frequent deficit monsoons under regional 42 

inhomogeneities. The frequency of heavy precipitation events have increased over India, while light rain 43 

events have decreased (Christensen et al., 2013). However, literature based on observational records reported 44 

no clear evidence in the seasonal mean monsoon (June−September) rainfall trends as well as the inter-annual 45 

variability over the whole of India under warming climate e.g. (Mooley and Parthasarathy, 1984; Kripalani et 46 

al., 2003; Guhathakurta and Rajeevan, 2008). Although, consistent with AR5 findings, several studies on the 47 

variability and trends in the South Asian summer monsoon (SASM) rainfall using observational data agree 48 

with the consensus that the mean monsoon rainfall over most parts of the eastern and central north regions of 49 

India is decreasing significantly (Jin and Wang, 2017; Juneng et al., 2016; Latif et al., 2017; Pulak 50 

Guhathakurta and Jayashree V Revadekar, 2017; Roxy et al., 2015; Sabin and Mujumdar, 2016; Singh et al., 51 

2014). 52 

 53 

Several studies also report that the observed frequency of very heavy and extreme rainfall events over parts 54 

of India has significantly increased (Goswami et al., 2006; Mukherjee et al., 2018; Pai et al., 2015; Paiva et 55 

http://ipcc-atlas.ifca.es/
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al., 2016; Pulak Guhathakurta and Jayashree V Revadekar, 2017; Rajeevan et al., 2008; Ratnam et al., 2016). 1 

The scaling relationship between extreme precipitation and dew point temperature showed a super (more 2 

than 7% increase per unit rise in dew point temperature) Clausius−Clapeyron (C−C) relationship during the 3 

last few decades for the majority of south India (Ahmad et al., 2015; Ali et al., 2015; Latif et al., 2015; 4 

Mukherjee et al., 2018; Serreze et al., 2000; Zahid and Rasul, 2012); based on observational data sets, 5 

suggesting an increasing trend in the monsoon, pre-monsoon, and extreme rainfall events over Pakistan, 6 

particularly over the core monsoon region of Pakistan.  7 

 8 

Latif et al. (2017) identified dipole-like structure in the monsoon rainfall trends over north of the Indo-9 

Pakistan subcontinent on seasonal (June–September, JJAS) inter-annual timescales, where significant 10 

increasing trends are observed over Pakistan and decreasing over central north India adjoining land regions. 11 

Their results showed that the strengthening (weakening) of vertically integrated meridional moisture 12 

transport (VIMMT) trends over the Arabian Sea (Bay of Bengal) is a likely reason for why the monsoon 13 

rainfall is increasing (decreasing) over the Pakistan (India) region. However, many studies have shown that 14 

there is a considerable spread in the seasonal and annual mean precipitation climatology and interannual 15 

variability among the different observed precipitation data sets over India (Collins et al., 2013; Kim et al., 16 

2018; Prakash et al., 2014; Ramarao et al., 2018) by computing the signal-to-noise ratio (Fig. 1c in Ramarao 17 

et al., 2018) as well asthe ratio of multi-data ensemble mean to the multi-data standard deviation representing 18 

the inter-data spread.  19 

 20 

 21 

Atlas.5.3.3.2 Assessment of model performance 22 

 23 

The IPCC AR5 assessed that there is high confidence that large-scale patterns of surface air temperature are 24 

well simulated by the CMIP5 models, although in certain regions this agreement with observations is 25 

limited, particularly at elevations over the Himalayas (Flato et al., 2013). The evaluation of four RCMs 26 

(CLM, HadRM3, HIRAM5, and REMO) during the south Asian summer monsoon season found that most 27 

models were too warm in the north of India compared to the various gridded observations (Lucas-Picher et 28 

al., 2011). An assessment of the CORDEX South Asia RCM ensemble showed they followed their driving 29 

GCMs in underestimating seasonal mean surface air temperature but overestimating its spatial variability 30 

though they added value in the spatial patterns (Sanjay et al., 2017a). Most also improved the simulation of 31 

the amplitude and phase of the annual cycle of monthly mean temperature over central India. The RCM 32 

ensemble also captures the spatial patterns of temperature climatology over Himalayas thought they have a 33 

significant cold bias (Nengker et al., 2018). The range of biases in these RCMs, 1–3.6°C, over the 34 

Himalayan water towers (e.g., Indus, Ganges, and Brahmaputra river basins) is larger than the observational 35 

uncertainty (Mishra, 2015) and they have a relatively larger cold bias than their driving CMIP5 GCMs over 36 

the hilly subregions within the Hindu Khush Himalayan (HKH) region (Sanjay et al., 2017a). Finally, both 37 

RCMS and their CMIP5 GCMs do not reproduce well the observed climatology of temperature over the 38 

Himalayan watersheds of the Indus Basin with substantial cold biases of 6–10 °C (Hasson et al., 2019).  39 

 40 

IPCC AR5 assessed that the broad-scale features of precipitation as simulated by the CMIP5 models are in 41 

modest agreement with observations, but there are systematic errors in the Tropics (Flato et al., 2013). The 42 

evaluation of four RCMs (CLM, HadRM3, HIRAM5, and REMO) using various gridded observations found 43 

that the spatial distribution of the south Asian summer monsoon precipitation with a maximum over the 44 

central and west coast of India are found to be simulated well, but with important biases at the regional scale 45 

on the east coast of India, in Bangladesh and Myanmar (Lucas-Picher et al., 2011). The amount of 46 

precipitation and its distribution at regional scale differ substantially between a set of RCMs forced with 47 

same lateral boundary conditions (Kumar et al., 2013; Lucas-Picher et al., 2011). The evaluation of RegCM4 48 

RCM over South Asia showed that the model performs well in reproducing not only the mean climate and 49 

seasonality but also most of the chosen indicators of climate extremes (Gu et al., 2012). The Indian summer 50 

monsoon rainfall is significantly reduced when the RegCM4 RCM domain size for the integration is reduced 51 

from South Asia to the Indian domain (Dash et al., 2015b).  52 

 53 

The spatial variability of the Indian Summer Monsoon Rainfall (ISMR) was found to be relatively better in 54 

the CORDEX South Asia RCM simulations with respect to their host CMIP5 GCMs, however the other 55 
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important characteristics of ISMR such as northward and eastward propagation, onset, seasonal rainfall 1 

patterns, intra-seasonal oscillations and patterns of extremes did not show consistent improvement (Singh  et 2 

al. 2017). Also these RCM simulations did not indicate added value in capturing the observed changes in 3 

ISMR characteristics over recent decades. The CORDEX South Asia RCMs showed added value relative to 4 

their respective driving CMIP5 GCMs in simulating the spatial features of precipitation distribution that are 5 

characteristically associated with the Indian summer monsoon (Choudhary and Dimri, 2018). 6 

 7 

 8 

Atlas.5.3.3.3 Assessment of projections 9 

 10 

IPCC AR5 assessed that there is high confidence in projected rise in temperature over South Asia. There is 11 

medium confidence in summer monsoon precipitation increase in the future over South Asia. Model 12 

projections diverge on smaller regional scales. CMIP5 models projected a clear increase in temperature over 13 

South Asia, especially during winter season. Summer precipitation changes in South Asia were reported to 14 

be consistent overall between CMIP3 and CMIP5 projections, but model scatter were large in winter 15 

precipitation change. The changes in the summer monsoon dominated the annual rainfall over South Asia. 16 

The studies using CMIP3 multi-model ensemble showed an increase in summer precipitation, although there 17 

were wide variations among model projections. The spatial variation of rainfall increase was found to be 18 

stronger over northern parts of South Asia, with a weak decrease over Pakistan. The CMIP5 projections of 19 

the frequency of extreme precipitation days showed consistent increasing trends in 2060 and beyond under 20 

RCP6.0 and RCP8.5 scenarios (see Christensen et al., 2013). 21 

 22 

Projected warming over the region using SRES scenarios is consistent with AR5 findings. ECHAM5 23 

downscaled by RegCM4 at 30 km resolution for South Asia shows steadily progressing warming, which 24 

would be widespread across the region with increases of 4°C to 5°C by the 2080s for the A2 scenario 25 

(Ahmed and Suphachalasai, 2014). The would be a similar warming of 2.5 to 5°C, with the largest values 26 

over northern Pakistan and India sub‐ region, and a 30% increase in summer monsoon precipitation over 27 

north eastern India, Bangladesh and Myanmar (Syed et al., 2014a). PRECIS RCM under A1B scenario over 28 

the entire Indus river basin shows greater warming over the upper Indus basin than the lower Indus, with 29 

greater warming in winter than in the other seasons (Rajbhandari et al., 2015). In the central and western 30 

regions of Punjab province of Pakistan, robust changes in the temperature by the end of twenty-first century 31 

are in the range of 3 to 4°C during the winter season and on an annual basis, especially in A2 and A1B 32 

emission scenarios. Changes in both precipitation and temperature as expected to be larger in the summer 33 

season (JAS) as compared to the winter season in the coming decades, relative to the baseline period (Saeed 34 

and Athar, 2018). Using CORDEX South Asia RCM projections, consistent future increasing trends in the 35 

occurrence of heat waves over Pakistan have been also found (Saeed et al., 2017). Further, CORDEX-South 36 

Asia projections over northeast India under RCP4.5 scenario for time period of 2011-2060 shows increasing 37 

trends for both seasonal maximum and minimum temperature over the northeast India. The frequency of 38 

extreme monthly maximum and minimum temperature are projected to increase (Soraisam et al., 2018). 39 

Under A1B scenario GCM20 mean DJF temperature change in 2008–2025 projection period suggests an up 40 

to 5°C rise in the North–most region of the country. RegCM4.3 under RCP8.5 scenario suggests an up to 41 

11°C rise in the mean temperature projection of 2008–2025 DJF season over the Northern region of the 42 

country (Hussain, 2017). The projected robust changes in the temperature by the end of twenty-first century 43 

are in the range of 3°C to 4°C during the winter season and on an annual basis, in the central and western 44 

regions of Punjab province of Pakistan, especially in A2 and A1B emission scenarios. Changes in both 45 

precipitation and temperature are likely to be larger in the summer season (JAS) as compared to the winter 46 

season in the coming decades, relative to the baseline period (Saeed and Athar, 2018). 47 

 48 

ECHAM5 downscaled by RegCM4 at 30 km resolution for South Asia shows an increased summer monsoon 49 

precipitation, which is becoming an identified signal by the end of 21st century while winter monsoon is 50 

getting drier (Ahmed and Suphachalasai, 2014). 23 CMIP5 GCMs under RCP8.5 scenario show an increase 51 

in South Asian Monsoon precipitation due to anthropogenic climate change (Srivastava and Delsole, 2014). 52 

30 CMIP5 GCMs under RCP8.5 scenario show a moderate confidence for increase in precipitation intensity 53 

and frequent extreme precipitation for the Indian region due to increased atmospheric moisture content and 54 

circulation (Freychet et al., 2015). Out of 20 CMIP5 GCMs, four showed increase in magnitude and 55 
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lengthening of all-India summer monsoon under the RCP85 scenario. Both strong and weak monsoon 1 

intensity is expected to increase from 2051−2099. Heavy rainfall events (> 40 mm/day) are also likely to 2 

increase while the low rain-rate events (< 10 mm/day) are expected to decrease (Sharmila et al., 2015). 3 

CMIP5 GCMs show increasing moisture convergence and summer monsoon precipitation over South Asia 4 

(Mei et al., 2015). CMIP5 GCMs for RCP4.5 and RCP8.5 scenarios show summer monsoon increase over 5 

Himalayas (Palazzi et al., 2015). CMIP5 GCMs show unrealistic Indian Summer Monsoon precipitation due 6 

to excessive convective precipitation rather than stratiform precipitation. They suggested using improved 7 

model physics before conducting projection experiment (Suryachandra and Dhakate, 2015). 3 GCMs and 7 8 

RCMs driven by ECHAM5 under A1B scenario project, higher Indian summer monsoon activity during 9 

2041 to 2060 (Niu et al., 2015). Stretched-grid GCM (Sabin et al., 2013) downscaled by Land Surface Model 10 

at 35 km resolution over the domain of South Asian Monsoon region and tropical Indian Ocean under 11 

RCP4.5 scenario projects continuous decline in summer monsoon rainfall till the end of 21st century. The 12 

zooming GCM model (Sabin et al., 2013) showed a persistent monsoonal decrease and soil drying over 13 

South Asia (Krishnan et al., 2016). CMIP5 GCMs under transient warming of 0.5oC shows more frequent 14 

and heavy precipitation over monsoon region (Lee et al., 2018). Canadian Centre for Climate Modeling 15 

(CGCM3.1) is downscaled by Statistical Downscaling Model (SDSM) river basins in South Asia including 16 

Ganges and the Brahmaputra under A1B and A2 scenario. The projections for precipitation show an increase 17 

during and after the monsoon along with the shift of monsoon peak from July to August (Pervez and 18 

Henebry, 2014a).  19 

 20 

Forty-five CMIP5 GCMs at 0.5° resolution for South Asia under RCP8.5 scenario for 2046−2075, show an 21 

increase in future runoff over most parts of the region except for far northeast and northwest. The mean 22 

annual runoff will increase by 20-30% in the Indian sub-continent (Zheng et al., 2018). CMIP5 GCMs 23 

(CanESM2, CNRM-CM5, GFDL-ESM2M, MIROC5 and MPI-ESM-LR) under RCP4.5 scenario (2080-24 

2099) shows strengthening of active spell over in northern Indian region making it wetter than the southern 25 

peninsular region where it is weakening causing drying in future (Sudeepkumar et al., 2018). CMIP5 GCMs 26 

under RCP4.5 and RCP8.5 scenario for time period of 2006-2050 shows a possible decline in JJAS rainfall 27 

over India due to the anti-cyclonic circulation over Arabian Sea at 850 hPa and cyclonic circulation at 200 28 

hPa (40o N and 70o E−90o E respectively) (Sarthi et al., 2015). CORDEX−South Asia projections over 29 

northeast India under RCP4.5 scenario for time period of 2011-2060 shows decreasing seasonal precipitation 30 

trend (Soraisam et al., 2018) but most of the literature does not agree with this finding. As CMIP5 31 

projections under RCP8.5 scenario show an increase in frequency of precipitation extremes over southern 32 

and central India in mid and end of 21st century (Mukherjee et al., 2018). AOGCMs for time period 2011–33 

2030, 2046–2065, and 2080–2099 under IPCC AR4 scenario shows a gradual increase in annual 34 

precipitation in Azad Jammu and Kashmir, Khyber Pakhtunkhwa and Punjab regions of Pakistan, whereas an 35 

increase and then decrease in Balochistan and Sindh. In humid and semi-arid climate areas, there is an 36 

increase in annual precipitation in all three projected periods (Saeed and Athar, 2018). 22 AOGCMs under 37 

A2, A1B, and B1 scenarios for the time periods 2025–2049, 2050–2074, and 2075–2099 show 66% of the 38 

models exhibit robust projected increase of winter precipitation by about 10% relative to the baseline period, 39 

irrespective of emission scenario and future period, in the upper northern subregion of Pakistan (latitude > 40 

35° N) (Saeed and Athar, 2018). CMIP3 downscaled with PRECIS model, projects that 1-day duration of 41 

rainstorm over Indus basin in India will increase in intensity but decrease in frequency (Deshpande and 42 

Kulkarni, 2015). 1 GCM (GFDL−ESM2M) downscaled by RegCM4 under RCP4.5 and RCP8.5 scenario 43 

shows a decreasing JJAS rainfall over central, eastern and peninsular India by 30-40% under RCP8.5 44 

scenario. For RCP4.5 scenario, this decrease is observed from 15 to 25% respectively (Dash et al., 2015a). 45 

PRECIS RCM under A1B scenario over the entire Indus river basin shows increase precipitation over upper 46 

Indus basin and decrease over lower Indus basin. The winter precipitation would be also decreasing over the 47 

southern part of basin. The numbers of rainy days are increasing over all basin area but the trend is different 48 

for upper and lower border area of basin. There is a decreasing number of rainy days with increased intensity 49 

(Rajbhandari et al., 2015). Figure Atlas.48: shows a projected increase in the number of very wet days in the 50 

future (2081−2100) for RCP8.5 using the CMIP5 models in the interactive online Atlas. Table Atlas.10: 51 

gives a summary of the projected climate changes over South Asia.  52 

 53 
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[START FIGURE ATLAS.48: HERE] 1 

 2 
Figure Atlas.48: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining “very wet days” 3 

for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset, for the reference period 4 
1986−2005. (c) Change in frequency of very wet days for the future 2081−2100 period (RCP8.5) 5 
defined as exceeding the historical P95 threshold (results shown as relative change, %). Results are 6 
shown model by model in the bottom panels, with the ensemble means shown in the upper panels. 7 
Similar analysis for other indices and scenarios (including warming levels) are available at the 8 
Interactive Atlas (http://ipcc-atlas.ifca.es). 9 

 10 

[END FIGURE ATLAS.48: HERE] 11 

 12 

 13 

 [START TABLE ATLAS.10 HERE] 14 

 15 
Table Atlas.10: [Placeholder: Regional Scale Summary of Climate Change projections in South Asia.] 16 

 17 

 [END TABLE ATLAS.10 HERE] 18 

 19 

 20 

Atlas.5.3.4 Central Asia 21 

 22 

Atlas.5.3.4.1 Observations, trends and attribution 23 

 24 

An overview of observational datasets for Northwest–Northeast Asia is given in Table Atlas.11: with the 25 

corresponding domain covered, climate variable available, data type, spatial and temporal resolution and 26 

period covered for each data set. 27 

 28 

 29 

[START TABLE ATLAS.11 HERE] 30 

 31 
Table Atlas.11: Overview of observational datasets for Northwest-Northeast Asia 32 

 33 

Observed 

Datasets 
Domain pr temp 

Data 

type 

Spatial 

Resolution 

Temporal 

Resolution 
Period Reference 

CLIMAT

ER  

Russia, 

Kazakhstan, 

Turkmenistan, 

Georgia, 

Armenia, 

Tajikistan and 

Uzbekistan. 

 x mean, 

min, 

max 

Station 

based  

600 

meteorologi

cal stations 

DD, MM from 1874 

to the 

present, 

each 

station is 

available 

individuall

y. 

Russian Research Institute of 

Hydrometeorological 

Information - World Data 

Center (RIHMI-WDC) 

http://aisori.meteo.ru/climater 

(Булыгина et al., 2014) 

HadGHC

ND 

global - min, 

max 

gridded 
2.5° lat –

3.75° lon 

grid 

DD from 1950 

to present  

Met Office Hadley Centre 

observations datasets 

https://www.metoffice.gov.uk

/hadobs/hadghcnd/ 

(Caesar et al., 2006) 

http://ipcc-atlas.ifca.es/
http://aisori.meteo.ru/climater
https://www.metoffice.gov.uk/hadobs/hadghcnd/
https://www.metoffice.gov.uk/hadobs/hadghcnd/
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HadAT2 

gridded 

radiosonde 

temperature 

product: 

anomalies 

relative to 

the monthly 

1966-95 

climatology 

global - min, 

max 

gridded 

at 

pressure 

levels 

850, 

700, 

500, 

300, 

200, 

150, 

100, 50, 

30 hPa) 

10° lon – 5° 

lat grid 

MM from 1950 

to 2012 

Met Office Hadley Centre 

observations datasets 

https://www.metoffice.gov.uk

/hadobs/hadat/hadat2.html  

(Thorne et al., 2005) 

CRUTE

M4 

global - min, 

max 

gridded 5° grid DD from 1850 

to present 

Met Office Hadley Centre 

observations datasets 

https://www.metoffice.gov.uk

/hadobs/crutem4/ 

(Jones et al., 2012) 

CCU 

"IKI-

Monitori

ng" 

satellite 

data 

archive 

global - х satellite 

images 

full 

coverage 

with 

satellite 

images 

DD from 

1984-03-

06 to 

2019-03-

31 

Center for collective use of 

satellite data (CCU "IKI-

Monitoring"), Space Research 

Institute of the Russian 

Academy of Sciences (IKI 

RAS)  

ЦКП "ИКИ-Мониторинг" 

http://ckp.geosmis.ru/default.

aspx?page=6  

(Loupian et al., 2015) 

CPC 

Merged 

Analysis 

of 

Precipitati

on 

(CMAP) 

global x - gridded 2.5° lat – 

2.5° lon 

grid 

MM from 

1979-01 to 

2019-02 

NOAA/OAR/ESRL PSD, 

Boulder, Colorado, USA 

https://www.esrl.noaa.gov/ps

d/data/gridded/data.cmap.htm

l#detail 

(Xie et al., 2007) 

Note: The symbols x and - in the precipitation (pr) and temperature (temp) columns indicate that data are available and 1 
unavailable, respectively. On the other hand, mean, min and max specify which type of temperature data is available. 2 
 3 

[END TABLE ATLAS.11 HERE] 4 

 5 

 6 

Atlas.5.3.4.2 Assessment of model performance 7 

[Section to be completed.] 8 

 9 

Atlas.5.3.4.3 Assessment of projections 10 

 11 

Table Atlas.12: gives on overview of national and other climate change assessments for the countries in 12 

Central Asia. Country specific assessments have different reference periods and time horizons for projected 13 

climate change. These also vary in terms of the emissions scenarios used.  14 

 15 

 16 

 17 

[START TABLE ATLAS.12 HERE] 18 

 19 
Table Atlas.12: Overview of national and other climate change assessments 20 

 21 

https://www.metoffice.gov.uk/hadobs/hadat/hadat2.html
https://www.metoffice.gov.uk/hadobs/hadat/hadat2.html
https://www.metoffice.gov.uk/hadobs/crutem4/
https://www.metoffice.gov.uk/hadobs/crutem4/
https://www.esrl.noaa.gov/psd/data/gridded/data.cmap.html#detail
https://www.esrl.noaa.gov/psd/data/gridded/data.cmap.html#detail
https://www.esrl.noaa.gov/psd/data/gridded/data.cmap.html#detail
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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 (Vermishev and Moir, 2015); 

(Gevorgyan, 2014; Gevorgyan et al., 2016) 

 Azerbaijan 1961–1990   1, 2, 3, 4, 5 °C  

21 CMIP5 

climate models  

other National average climate information from 

ClimGen, climate information for 

Azerbaijan 

https://crudata.uea.ac.uk/~timo/climgen/nati

onal/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 

https://climateknowledgeportal.worldbank.o

rg/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 

(Georgia’s Third National Communication 

to the UNFCCC, 2015) 

 Iran 1982–2009 2016–2030 B1, A2, A1B national Iran's Third National Communication to the 

UNFCCC 

(Iran’s third National Communacation to 

UNFCCC, 2017) 

 Iraq 1961–2005   2070–2099 other (Salman et al., 2018) 

 Kazakhstan 1986–2005 2016–2035; 

2046–2065; 

2081–2099 

RCP 4.5, 

RCP 8.5 

42 CMIP5 

models 

national (Кожахметов and Никифорова, 2016) 

 Kyrgyzstan 1961–1990 2020, 2050, 

2080, 2100 

16 CMIP3 

models, A2 

national (Ильясов et al., 2013) 

 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 и B1, а 

MAGICC/SCE

NGEN 

national (Allaberdiyev, 2010) 

 Uzbekistan 1850–2005 2011–2100 RCP2.6, 

RCP4.5, 

RCP8.5 

 other  (Huang et al., 2014) 

Russia 1981–2000 2011–2030, 

2041–2060, 

2080–2099 

RCP4.5, RCP8. national Climate Center of Roshydromet 

http://cc.voeikovmgo.ru/ru/klimat/izmeneni

e-klimata-rossii-v-21-veke 

(Frolov et al., 2014) 

 1 

https://crudata.uea.ac.uk/~timo/climgen/national/web/Azerbaijan/projs_seas.htm
https://crudata.uea.ac.uk/~timo/climgen/national/web/Azerbaijan/projs_seas.htm
https://climateknowledgeportal.worldbank.org/country/bahrain/climate-data-projections
https://climateknowledgeportal.worldbank.org/country/bahrain/climate-data-projections
http://cc.voeikovmgo.ru/ru/klimat/izmenenie-klimata-rossii-v-21-veke
http://cc.voeikovmgo.ru/ru/klimat/izmenenie-klimata-rossii-v-21-veke
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[ENDTABLE ATLAS.12 HERE] 1 

 2 

Atlas.5.4 Australasia 3 

 4 

Atlas.5.4.1 Observations, trends and attribution 5 

 6 

Atlas.5.4.1.1 Previous findings from WGII AR5 7 

 8 

WGII AR5 for Australasia reports that there is very high confidence that the mean air temperatures in 9 

Australia and New Zealand have increased by 0.09 ± 0.03°C per decade since 1911 and by 0.09 ± 0.03°C per 10 

decade since 1909, respectively. There is also high confidence that cool extremes have become rarer in 11 

Australia and New Zealand since 1950, while hot extremes have become more frequent and intense. On the 12 

other hand, precipitation trends are characterized by variabilities within the region. For example, while 13 

annual rainfall has been increasing in north-western Australia since the 1950s (very high confidence), it has 14 

been decreasing in the northeast of the South Island of New Zealand over 1950–2004 (very high confidence). 15 

 16 

In terms of sea surface temperatures, WGII AR5 indicates that there is very high confidence that 17 

measurements have increased by about 0.12°C per decade for north-western and north-eastern Australia, and 18 

by about 0.2°C per decade for south-eastern Australia since 1950, as well as by about 0.07°C per decade for 19 

New Zealand over 1909–2009. Mean sea levels have also increased in Australia and New Zealand at average 20 

rates of 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 21 

2009, respectively (very high confidence). 22 

 23 

WGII AR5 also found that the volume of ice in New Zealand has declined by 36–61% from the mid-late 24 

1800s to the late 1900s (high confidence), while late season significant snow depth has also declined in three 25 

out of four Snow Mountain sites in Australia between 1957 and 2002 (high confidence). 26 

 27 

 28 

Atlas.5.4.2 Assessment of model performance 29 

[Section to be completed.] 30 

 31 

Atlas.5.4.3 Assessment of projections 32 

 33 

Atlas.5.4.3.1 Previous findings from WGII AR5 34 

 35 

This section discusses the previous findings of WGII AR5 on projected climate change for the Australia 36 

region. Most studies reviewed by WGII AR5 were based on Coupled Model Intercomparison Project Phase 3 37 

(CMIP3) models and Special Report on Emission Scenarios (SRES) scenarios, as well as CMIP5 model 38 

results whenever available. 39 

 40 

According to WGII AR5, in the future, it is virtually certain that mean air temperatures will continue to 41 

increase, with very high confidence that the greatest increase will be experienced by inland Australia and the 42 

least increase by coastal areas and New Zealand. There is also a projected decrease in the number of cold 43 

days and nights, and increase in the number of hot days and nights during the 21st century (high confidence). 44 

 45 

Future projections for precipitation extremes indicate an increase in most of Australia and New Zealand, in 46 

terms of rare daily rainfall extremes (i.e. current 20-year return period events) and of short duration (sub-47 

daily) extremes (medium confidence). Likewise, however, there is a projected increase the frequency of 48 

drought in southern Australia (medium confidence) and in many parts of New Zealand (medium confidence). 49 

Owing to hotter and drier conditions, there is high confidence that the fire weather will increase in most of 50 

southern Australia, and medium confidence that the fire danger index will increase in many parts of New 51 

Zealand. 52 

 53 

In the future, sea surface temperatures (very high confidence) and mean sea levels (very high confidence) are 54 

projected to continue to increase in both Australia and New Zealand. As mean sea-level rise is projected to 55 
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continue for at least several more centuries, there is very high confidence that this will lead to large increases 1 

in the frequency of extreme sea-level events in Australia and New Zealand. 2 

 3 

On the other hand, the volume of winter snow and the number of days with low-elevation snow cover in 4 

New Zealand are projected to decrease in the future (very high confidence), while both snow depth and area 5 

are projected to decline in Australia (very high confidence). 6 

 7 

 8 

[START FIGURE ATLAS.49: HERE] 9 

 10 
Figure Atlas.49: Absolute daily maximum temperature amount corresponding to the 90th percentile (P90, in ºC) 11 

defining ‘warm days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset, for 12 
the reference period 1986–2005. (c) Change in frequency of warm days for the future 2081–2100 13 
period (RCP8.5) defined as exceeding the historical P90 threshold (results shown as relative change, 14 
%). Results are shown model by model in the bottom panels, with the ensemble means shown in the 15 
upper panels. Similar analysis for other indices and scenarios (including warming levels) are available 16 
at the Interactive Atlas (http://ipcc-atlas.ifca.es). 17 

 18 

[END FIGURE ATLAS.49: HERE] 19 

 20 

 21 

Atlas.5.5 Central and South America 22 

 23 

Summary features of climate change in Central and South America are described in Chapter 10. More 24 

specific information is given in this section, utilizing the Interactive Atlas to display observed and projected 25 

trends of temperature and precipitation. Results are based on evaluation of both CMIP5, CMIP6 and 26 

CORDEX multi-model projections.  27 

 28 

 29 

Atlas.5.5.1 Central America 30 

 31 

Climate of Central America, Mexico and the Caribbean 32 

 33 

A description of the observed climate and climate change in Central America and the Caribbean is 34 

summarized by Taylor and Alfaro (2005). 35 

 36 

The dominant annual cycle of the Central American region, except for the central part of its Atlantic coast, is 37 

monsoonal, with highest temperatures in April, just before the summer rains, and minimum temperatures in 38 

January, related with strong trade winds. Precipitation in most Central America is characterized by two 39 

maxima in June and September, an extended dry season from November to May, and a shorter dry season in 40 

July–August, known as the midsummer drought (MSD). The main dry season of winter and early spring is 41 

more intense on the Pacific slopes of the isthmus, due to the seasonal reversal of the winds on the Pacific 42 

side which blow offshore during winter and to the migration of the Intertropical convergence zone (ITCZ) 43 

which shifts to its southernmost position from February to March.  44 

 45 

The climate of Mexico is temperate to the north of the Tropic of Cancer, with marked difference between 46 

winter and summer, modulated by the north American monsoon, and generally arid and tropical to the south, 47 

with higher temperatures, even if modulated by height, with cooler temperatures in the mountains of the 48 

central ridge, and a less pronounced annual cycle than in the North. The precipitation cycle in the southeast 49 

presents a midsummer drought from July to August, as most of Central America. 50 

 51 

The Caribbean islands have two main seasons characterized by differences in temperature and precipitation. 52 

The wet or rainy season, with higher values of temperature and accumulated precipitation, occurs during the 53 

boreal summer, including part of spring and autumn, although its limits depends on the subregion of the 54 

Caribbean. The dry season occurs during boreal winter, with minimum temperatures above 18°C. Within this 55 

general pattern, there are important differences for subregions. The annual range of average temperatures 56 

http://ipcc-atlas.ifca.es/
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varies between 2°C, for south western Lesser Antilles and to 7°C, for the Bahamas and the Greater Antilles. 1 

The average temperatures, in the rainy season, are generally below 30°C, although they can reach 37°C. In 2 

the small islands and coastal areas of the Greater Antilles, the sea breeze attenuates the diurnal temperature 3 

cycle, limiting the temperature extremes. 4 

 5 

In the Caribbean, precipitation during the rainy season (May to October-November) is largely controlled by 6 

the position of the North Atlantic Subtropical High (NASH), the variable intensity of the trade winds and the 7 

sea surface temperature (SST) of the Atlantic Ocean. Generally, in the first half of June there are easterly 8 

waves, which migrate from the coasts of Africa, stimulating convection and occasionally creating 9 

disturbances of low pressure. When arriving at the islands, these waves interact with the orography and its 10 

effect is intensified by the diurnal heating, with heavy rainfall in the afternoon, particularly in the zones of 11 

convergence of breezes on the islands and upstream of the mountain ranges. The direct influence of the ITCZ 12 

on precipitation in the Caribbean islands is not significant. The MSD is present in most of the Caribbean, 13 

particularly in the Greater Antilles.  14 

 15 

A persistent climatological feature of the low level circulation in the Caribbean is the Caribbean low level jet 16 

(CLLJ), which consists of a maximum in the vertical profile of wind speeds at 925 hPa (Amador, 1998; 17 

Magaña et al., 1999). Its centre is located approximately in the region defined by (70–80°W, and 15°N) and 18 

its maximum horizontal wind speed can reach 16 m/s at the 925 hPa level. 19 

 20 

The whole Central America and Caribbean region is frequently affected by tropical cyclones (TC), which are 21 

a characteristic feature of the region, generally forming between June and November in the cyclogenetic 22 

regions of the Atlantic and Pacific Oceans and the Gulf of Mexico, and in some cases enter land, with strong 23 

winds and high precipitation (Hobgood, 2005). An average of eight hurricanes pass near or through the 24 

Caribbean region in a year, but this number can vary significantly from year to year. 25 

 26 

It is likely that El Nino Southern Oscillation (ENSO) influences the frequency of TC developing and passing 27 

over the Caribbean, so that during the warm phase their frequency decreases, because of an increase in wind 28 

shear in the hurricane season. There is also evidence of decadal variation in storm activity (Taylor and 29 

Alfaro, 2005). 30 

 31 

 32 

Atlas.5.5.1.1 Observations, trends and attribution 33 

 34 

It is very likely that average and minimum temperatures have increased in some areas of the Caribbean 35 

during the second half of the 20th century, and it is likely that extreme rainfall increased during the same 36 

period, while the maximum number of dry days showed a negative trend (Naranjo-Diaz and Centella, 1998; 37 

Peterson et al., 2002). Other studies suggest it is very likely that surface air temperature have also increased 38 

during the 1961–2010 and 1986–2010 intervals (Peterson et al., 2002; Stephenson et al., 2014) in the 39 

Caribbean. Consistent with this observed warming, it is very likely that the frequency of warm days and 40 

warm nights have also increased, while fewer cold days, and cold nights have been found in both periods 41 

(Cueto et al., 2013). Changes in mean precipitation rates are less consistent and trends are generally weak. 42 

Small positive trends were observed in the total annual precipitation, daily intensity, maximum number of 43 

consecutive dry days, and episodes of heavy rains (Stephenson et al., 2014).  44 

 45 

It is very likely that the frequency and intensification of heatwaves and other warming indexes has been 46 

detected in the Caribbean and Central America regions since 1998 (Angeles-Malaspina et al., 2018). There is 47 

also a high confidence that estimated trends of temperature and its extremes (heatwaves, hot days, tropical 48 

nights, etc.) over parts of Mexico (Cueto et al., 2010, 2013; Martínez-Austria et al., 2016; Martinez-Austria 49 

and Bandala, 2017; Navarro-Estupiñan et al., 2018) and the Caribbean (McLean et al., 2015) have increased 50 

in the last 30-40 years. In north-western Mexico, Gutiérrez-Ruacho et al. (2010) also found significant 51 

positive trends in annual maximum and minimum air temperatures and a strong correlation with inter-52 

decadal oscillations from 1922 to 2004. Navarro-Estupiñan et al. (2018) characterized the impacts of 53 

increasing maximum air temperatures in Sonora, Mexico, using heat days (HDs) and heatwaves (Hws); they 54 

obtained statistical evidence of an increasing frequency (62 to 205%) in HDs and Hws during the historical 55 
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period, and after 1986–1995 low elevation sites, around 30–320 m, showed a higher Hws/yr than 1 

intermediate and high-elevation climate stations, which exhibit small changes or decreases in Hws. Cueto et 2 

al. (2013) studied the annual temperatures trend from 1950 to 2010 for Mexicali, Mexico, finding 3 

statistically significant trends in summer maximum temperature and winter minimum temperature. 4 

 5 

A significant positive correlation between precipitation rates in the Caribbean and the Atlantic multidecadal 6 

oscillation (AMO) index was found by Enfield et al. (2001) A similar result was found in southern Mexico in 7 

the MSD region, while a positive AMO is negatively correlated with the summer NAM precipitation 8 

(Cavazos et al., 2019; Méndez and Magaña, 2010). On the other hand, ENSO favours wet condition in 9 

Mexico during summers of low Pacific Decadal Oscillation (PDO) and during winters of high PDO. Cooler 10 

conditions are favoured during La Niña summers and El Niño winters, regardless of the PDO phase, while 11 

summers with high PDO and El Niño condition favours warmer temperature (Pavia et al., 2006). For the 12 

Caribbean, in particular. 13 

 14 

Mid-Summer-Drought  15 

 16 

South-eastern Mexico and most of Central America, the Greater Antilles and the Bahamas are characterized 17 

by the MSD, which is not strictly a drought, but a relative minimum of precipitation at the height of the 18 

boreal summer (mid-July to mid-August). Different hypotheses have been suggested to explain this 19 

phenomenon, as the interaction between the migration of ITCZ, cloudiness and solar radiation (Magaña et 20 

al., 1999) that partially explains the phenomenon in Central America and southern Mexico, the importance of 21 

the proximity of the NASH wedge in the Atlantic side, which produces an increase in the speed of the 22 

easterly winds at low levels and interacts with the northern edge of the ITCZ (Karnauskas et al., 2013; 23 

Karnauskas and Busalacchi, 2009; Small et al., 2007). For the Caribbean in particular, the expansion of the 24 

NASH and the subsequent intensification of the Caribbean Low Level Jet is very likely to inhibit convection, 25 

favouring coastal cold waters in the Caribbean Sea west of Jamaica. combined with an increase in vertical 26 

wind shear, and subsidence over the Caribbean which is a consequence of the intensified tropical convection 27 

throughout the Caribbean side of Central America, modulated by the variability of aerosol concentrations 28 

(Angeles et al., 2010; Gamble and Curtis, 2008).  29 

 30 

Caribbean Low level Jet (CLLJ) 31 

 32 

The CLLJ has a semiannual cycle with a maxima in February and July and can be observed throughout the 33 

Caribbean during the summer coinciding with the MSD season, being considered by many authors as one of 34 

the causes of the divergent flows associated with the MSD (Magaña et al., 1999; Whyte et al., 2008). 35 

Hidalgo et al. (2015) introduced a new conceptual model, which relates the CLLJ with the position of the 36 

ITCZ during the summer, and with certain mechanisms in the Eastern Pacific. 37 

Martin and Schumacher (2011) highlighted the difficulty in reproducing the CLLJ summer maximum by 38 

global models (GCMs), given the limitation of some of them in accurately representing the wedge of the 39 

NASH; thus, an important goal of the application of regional climate models (RCMs) is to improve the 40 

representation of this and other characteristic features of the regional climate. The ability of the RCMs to 41 

reproduce the winter and summer core winds associated to the CLLJ is another reference test for climate 42 

models that aim to reproduce the Caribbean climate.  43 

 44 

Tropical cyclones 45 

 46 

Among the most relevant meteorological phenomena in the Caribbean region, with more implications in its 47 

economy are the Tropical Cyclones (TC). They consist of synoptic low-pressure centers, with a warm core, 48 

that develop over the tropical oceans, although exceptionally they can arise in extratropical zones (Hobgood, 49 

2005). Their formation environment is characterized by a disturbance with strong convective activity, 50 

vorticity and convergence near the surface of the ocean, more than 500 km from the equator, the SST 51 

exceeding 26°C and the warm water extending several tens of meters of depth, conditional instability in the 52 

troposphere and sufficient humidity in the middle troposphere with relatively small vertical wind shear. One 53 

of the main cyclogenetic areas is the Tropical North Atlantic (TNA) region, including the Caribbean Sea and 54 

the Gulf of Mexico. In this zone, approximately 10 TCs per year are formed, with a wide variability, 55 
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concentrated in the period from June to November, although the highest frequency is observed from August 1 

to October, with a relative minimum in July, coinciding with the MSD. At the beginning and end of the 2 

hurricane season, TC formations are more frequent in the Western Caribbean and the Gulf of Mexico, while 3 

in the rest of the season TCs that are formed by perturbations in the eastern flow are predominant between 4 

the coasts of Africa and the Lesser Antilles. 5 

 6 

There has been much debate on the possible existence of a relationship between the observed increase in the 7 

frequency of occurrence of tropical cyclones in the last decades and a tendency to increase the SST due to 8 

anthropogenic causes related to the emission of greenhouse gases into the atmosphere. As a conceptual basis 9 

for these considerations, the works of Emanuel and Holland (Emanuel, 1995; Holland and Webster, 2007) 10 

can be taken as a theoretical basis. Some authors (Holland and Webster, 2007; Hoyos et al., 2006; Mann et 11 

al., 2007; Webster et al., 2005) have argued the tendency to increase SST detected during the last century is 12 

due to anthropogenic causes and this is, in turn, the fundamental cause of the increase in the frequency of 13 

occurrence of TC in general and, in particular, of major hurricanes. Other authors, however, have questioned 14 

the reliability of the data sources or have presented other arguments to explain the climatic trends of TC 15 

behaviour, based on natural climatic variability (Bell and Chelliah, 2006; Landsea, 2007; Pielke et al., 2005). 16 

 17 

Regarding TCs originating in the Pacific Ocean, Martinez Sanchez and Cavazos (2014) hypothesized that a 18 

larger size of the North Atlantic warm pool and a weaker CLLJ during ENSO Neutral years favour 19 

cyclogenesis in the Eastern Tropical Pacific  20 

 21 

 22 

Atlas.5.5.1.2 Assessment of model performance 23 

 24 

The ability of climate models to simulate the climate in this region has improved in many key aspects 25 

(Campbell et al., 2011; Diro et al., 2012a; Fuentes-Franco et al., 2014, 2015, 2017; Karmalkar et al., 2011, 26 

2013; Martinez-Castro et al., 2017; Vichot-Llano, 2017; Vichot-Llano et al., 2014). Particularly relevant for 27 

this region are increased model resolution and a better representation of the land surface processes.  28 

 29 

The most frequently used regional climate models in the region are the PRECIS system (Taylor et al., 2013a) 30 

and RegCM 3 and 4 (Giorgi et al., 2012; Pal et al., 2007). There is very high confidence in the PRECIS 31 

performance that reproduces the maximum temperatures in summer and minimum temperatures in winter, 32 

but with a bias of +1 to +1.7°C (Campbell et al., 2011; Centella-Artola et al., 2015; Karmalkar et al., 2013). 33 

There is very high confidence in the ability of these models to reproduce the seasonal spatial patterns of 34 

temperature, and the bimodal characteristics of the Caribbean rainfall. Similarly, the simulated rainfall 35 

climatology of the central Caribbean basin captures the bimodal characteristics of Caribbean rainfall though 36 

overestimating the late season peak rainfall and displacing the rainfall maximum to November. The 37 

placement of the NDJ rainfall maximum south of Jamaica in NDJ is interesting and suggests that the model 38 

may be over or underestimating the strength of the Caribbean low-level jet (CLLJ)It is very likely that the 39 

PRECIS system simulations have not any improvement with the dimensions of the domain, as important 40 

features of the regional circulation and key rainfall climate features, as the Caribbean low level jet (CLLJ) 41 

and the mid-summer drought (MSD) are well represented for a variety of domains of different dimensions 42 

(Centella-Artola et al., 2015); concluding that a reduction in domain size does not significantly affect the 43 

reproduction of atmospheric circulation patterns, especially at low levels (Figure Atlas.50:). Using CORDEX 44 

output, Cerezo-Mota et al. (2015) evaluated the capability of four RCMs – RCA 3.5 (Samuelsson et al., 45 

2011), HadGem3-RA (Hewitt et al., 2011), REMO (Jacob, 2001) and RegCM4 using ERA-Interim as 46 

driving data to reproduce the climate of the North American Monsoon region, including the northern part of 47 

Mexico. They especially analysed two years of extremely low and high precipitation within the period of 48 

simulations, with good results in the reproduction of the key climatic features of the region. Recently Cabos 49 

et al. (2018) applied the ROM oceanic model (Sein et al., 2015), coupled with the RCM REMO to the 50 

Central America isthmus and Mexico to simulate the climate in the region, showing improvements in the 51 

reproduction of the in-shore and off-shore precipitation and of regional climate features as MSD and CLLJ.  52 

 53 
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[START FIGURE ATLAS.50: HERE] 1 

 2 
Figure Atlas.50: Domains D1 (red), D2 (green) and D3 (blue), defined in the work of Centella-Artola et al. (2015) 3 

excluding the buffer zones. 4 
 5 

[END FIGURE ATLAS.50: HERE] 6 

 7 

 8 

There is very high confidence that PRECIS simulated well the observed negative trends in consecutive wet 9 

days (CWD) and negative trends in extreme rainfall events (R95p) over the Caribbean. Also simulate the 10 

observed positive trends in the consecutive dry days (CDD) over some locations in the Caribbean, showing 11 

in general that the model displayed greater skill at representing CWD and extreme rainfall events than CDD, 12 

wet days, and maximum 5-day precipitation over the region. In the case of temperature the model exhibits 13 

skill in simulating decreases in the frequency of warm nights (TN90p) over most stations and decreases in 14 

the number of cool days (TX10p) with increases observed over the eastern islands. Increases in the number 15 

of warm days (TX90p) over some northern locations and decrease over the eastern Caribbean were also 16 

observed suggesting warmer conditions over the north and cooler conditions over the eastern Caribbean. 17 

(McLean et al., 2015) 18 

 19 

About RegCM4, there is sufficient evidence to allow higher than medium confidence in use it, for horizontal 20 

resolutions of 50 and 25 km and different combinations of physical parameterizations, getting consistent 21 

reproductions of the main climate features of the region, as the diurnal and annual temperature and 22 

precipitation cycles, and the wind circulation, reproducing particular features as the MSD and the CLLJ 23 

(Figure Atlas.51:). (Diro et al., 2012b; Martinez-Castro et al., 2017; Martínez-Castro et al., 2006, 2016; 24 

Vichot-Llano et al., 2014). 25 

 26 

 27 

[START FIGURE ATLAS.51: HERE] 28 

 29 
Figure Atlas.51: Averaged winds for January, February, June and July (in columns) for the different configurations of 30 

the model tested in Martínez-Castro et al. (2016) (in rows) for the central region of the Caribbean 31 
where the Caribbean low level jet is located. The isotach intervals with more than 10 m/s are shown 32 
shaded. 33 

 34 

[END FIGURE ATLAS.51: HERE] 35 

 36 

 37 

Multi-model ensembles of 14 GCMs from CMIP5 were applied by Colorado et al. (2018) to scenarios 38 

RCP4.5 and RCP8.5 for the 21st century for the North American Monsoon region (NAM) and the south-39 

eastern Mexican area known by the Mexican MSD region. The validation of the models showed that the 40 

annual cycle of temperature is reproduced by part of them, but some models greatly overestimate mean 41 

temperature especially during summer. However, all ensembles reproduce well the annual precipitation 42 

cycle. They also found that all ensembles capture well the MSD’s double peak of rainfall, but underestimate 43 

summer precipitation. 44 

 45 

Representation of tropical cyclones in numerical models 46 

 47 

The representation of tropical cyclones (TCs) in numerical models (Diro et al., 2014; Fuentes-Franco et al., 48 

2014, 2017; Nguyen, 2001; Serreze et al., 2000; Walsh et al., 2004) is one of the most important challenges 49 

in tropical regions. As these cannot be obtained directly from the wind fields, it is necessary to develop 50 

algorithms for their detection, which identify in the fields the grid point structure that meet the characteristics 51 

defining the TC. 52 

 53 

In the work of Fuentes-Franco et al. (2014), the conditions imposed on each grid point are that at least once a 54 

day, the wind speed is greater than or equal to 21 m/s, the pressure at sea level less than or equal to 1005 hPa 55 

and the higher precipitation intensity or equal to 15 mm/day, being a very simple detection algorithm, which 56 
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allows to infer the capacity of the model to reproduce cyclones, estimating the possible days with cyclonic 1 

vortices. In the same way, Diro et al. (2014) examined the characteristics of tropical cyclones in the 2 

CORDEX Central America (CAM) domain of for present and future time, with the aim of reducing the scale 3 

to 50 km and increasing the capacity of vortex detection. It is very likely that the regional climate model 4 

RegCM4 adequately reproduces the cyclogenetic zones of the region (Diro et al., 2014; Fuentes-Franco et 5 

al., 2014). The results showed good agreement with the observed climatology, with some overestimation in 6 

the Tropical North Atlantic and the Caribbean, while an underestimation in the Tropical Eastern Pacific 7 

could be seen. 8 

 9 

Subsequently, Fuentes-Franco et al. (2017) used the same methodology of vortex occurrence detection of 10 

Diro et al. (2014), but removing the precipitation threshold, to evaluate the occurrence of cyclonic vortices at 11 

different grid intervals of 50 and 25 km (Figure Atlas.52:). In here, the model showed a response dependent 12 

on the specific cyclogenetic zone, greater sensitivity to physics schemes was determined than resolution. The 13 

parameterization of ocean flows strongly influenced the frequency of estimated vortices and their intensity. 14 

However, the methodology applied to assess sensitivity to resolution could be questioned, since the same 15 

detection thresholds are used for different resolutions, which does not take into account the experience of 16 

previous investigations (Walsh et al., 2007). 17 

 18 

 19 

[START FIGURE ATLAS.52: HERE] 20 

 21 
Figure Atlas.52: Biases of the density of trajectories by grid points for the different model configurations used by 22 

Fuentes-Franco et al. (2017). 23 
 24 

[END FIGURE ATLAS.52: HERE] 25 

 26 

Atlas.5.5.1.3 Assessment of projections 27 

 28 

During the last decade, regional climate groups in the Central America and Caribbean area have produced 29 

several regional projections using the PRECIS system, RegCM and other regional climate models, 30 

downscaling CMIP3 and CMIP5 GCM output, using the CORDEX CAM domain or similar smaller domains 31 

including the region. Statistical downscaling methods of CMIP5 projections have been also applied to obtain 32 

bias-corrected regional projections (Colorado-Ruiz et al., 2018; Taylor et al., 2013a; Vichot-Llano et al., 33 

2019). 34 

 35 

Temperature and precipitation projections 36 

 37 

Twenty first century projections developed by applying bias correction methods to the output of six CMIP3 38 

GCMs for the North American monsoon (NAM) region and north-western Mexico project larger interannual 39 

variations for precipitation and larger uncertainties than temperature. The A2 scenarios show the largest 40 

reductions of precipitation in the last 20 years of the 21st century and a decrease of 30% is projected for Baja 41 

California mainly in winter and spring, while precipitation in the North America Monsoon region is 42 

projected to decrease by 20% during winter, spring, and summer. After 2050, a significant reduction of 43 

precipitation is expected in north-western Mexico and the south-western United States south of 35°N, and 44 

temperature increase larger than 2°C could occur (Cavazos and Arriaga-Ramírez, 2012). 45 

 46 

Cueto et al. (2013) applied the generalized extreme value (GEV) distribution to model the maximum air 47 

temperatures in four cities in Baja California, finding that extreme temperature could increase to up to 5°C 48 

by the end of this century.  49 

 50 

In their study applying multi-model ensembles CMIP5 to the region of Mexico for scenarios RCP4.5 and 51 

RCP8.5 for the 21st century, Colorado-Ruiz et al. (2018) found that, according to all ensembles, temperature 52 

increases of 1.5–2°C may be reached between 2035 and 2055 relative to the baseline, and by 2070–2099 53 

temperature in Mexico may increase between 2 and 5.8°C in the RCP4.5 and RCP8.5 scenarios; and 54 

precipitation may decrease between 5 and 10%, respectively for the two scenarios. The largest impacts are 55 
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expected during summer with a possible decrease of ~13% (up to −1.5 mm/day), especially in southern 1 

Mexico, Central America, and the Caribbean, while autumn precipitation may slightly increase. 2 

 3 

According to dynamically downscaled GCM output, using the PRECIS regional climate modelling system, 4 

Caribbean temperatures estimates show a very likely increase of around 1–4°C (Campbell et al., 2011). 5 

 6 

In the same way, Karmalkar et al. (2011) found that the RCM projected warming for Mexico and Central 7 

America was greater than the global temperature increase. Warming in the wet season (over 4°C) would be 8 

higher than that in the dry season (3–4°C) in most of Central America except for the Caribbean coasts of 9 

Costa Rica and Panama.  10 

 11 

Statistical downscaling models applied by Stennett-Brown et al. (2017) showed good skill in reproducing the 12 

monthly climatology of the mean daily temperatures and the frequencies of warm days, warm nights, cool 13 

days and cool nights between 1961 and 2001. Even if models for rainfall were less effective, they showed 14 

skill in simulating the monthly climatology of mean daily rainfall and the spatial distribution of the mean 15 

annual maximum number of CDD, so as the mean annual number of days with daily rainfall above 10 mm 16 

(R10). According to their projections, by the end of the century warm days and nights would increase and 17 

cool days and nights would decrease, and CDD would increase for most of the Caribbean, but part of Eastern 18 

Caribbean and the Bahamas. According to these analyses, the AMO, the Atlantic SST and the Caribbean low 19 

level jet (CLLJ) could significant predictors for Caribbean temperature and rainfall extremes. 20 

 21 

For the annual and seasonal projections under the A2 and B2 scenarios in the Caribbean region, there is high 22 

confidence that for 2071–2100, the annual rainfall is projected to increase north of 22°N and decrease (25–23 

50%) south of this demarcation, during the dry season. Besides, there is a projected drying (up to 35% under 24 

the A2 scenario) during MJJ and ASO, which is a basin-wide feature. It is noteworthy that the simulated 25 

CLLJ index shows an increase in the phenomenon’s strength between June and August by the end of the 26 

century associated with a drier Caribbean basin partially due to the increased vertical wind shear. Regarding 27 

precipitation, the Caribbean is projected to become significantly drier, even if this effect is not expected to 28 

manifest in all the Caribbean area and not to be so large as to make the mean season outside the range of 29 

conditions experienced in the past (Biasutti et al., 2012). According to McLean et al. (2015), there is medium 30 

confidence that the pattern of future projections from PRECIS RCM for 2071–2099 under A2 and B2 show a 31 

tendency towards more intense rainfall events over some part of the region and drier conditions over 32 

Trinidad and northern Guyana via an increase in CDD and less intense rainfall events.  33 

 34 

There is very high confidence in increased temperature projections on small islands, being virtually certain. 35 

High-resolution models project a warming in the range 1.6°C and 3.0°C over land more than on sea 36 

(1.2°C/2.3°C) under RCP4.5/RCP8.5. On the other hand, over sea, it is very likely that annual precipitation 37 

decreases around 20%. Over land, RCM projections are moderate and can be different from one island to the 38 

other, but it seems that the RCM response tends to have wetter wet-seasons and drier dry-seasons (Cantet et 39 

al., 2014). 40 

 41 

It is virtually certain that particularly for rainfall, the intensification of the dry anomalies is not proportional 42 

to the temperature increment (Taylor et al., 2018). A 10-member ensemble from CMIP5 has been applied by 43 

these authors to analyse the Caribbean’s future climate when mean global surface air temperatures are 1.5, 44 

2.0, and 2.5°C above preindustrial (1861–1900) values.  45 

 46 

Most of the Caribbean region project smaller mean surface air temperature increases than the rest of the 47 

world, even if the opposite is true for part of the region, which would get warmer than the global average. 48 

Applying the 1971–2000 baseline, the Caribbean domain is projected to get 0.5 to 1.5°C warmer at the 1.5°C 49 

target, which means 5–10% wetter, except for the northeast and southeast Caribbean, which would get drier. 50 

Under the 1.5ºC target, the region would undergo increases in annual warm spells of more than 100 days, 51 

which would be significantly more at the 2ºC target. A shift to a predominantly drier region (5–15% less than 52 

present day), and a greater occurrence of droughts is also projected. 53 

 54 

Future projections using a multi-model ensemble mean for five CMIP5 global circulation models were used 55 
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by Angeles-Malaspina et al. (2018) to project heatwaves in the future under scenarios RCP4.5 and RCP8.5. 1 

According to these projections, a significant increase of heatwaves would occur at the end of the 21st 2 

century, especially for the RCP8.5 scenario.  3 

 4 

An ensemble of CMIP5 models was run for the present assessment, to estimate climate change at the end of 5 

the century. Figure Atlas.53: shows the comparison of the precipitation index of 95th percentile of 6 

precipitation intensity (P95, in mm/day) defining ‘very wet days’ and the percentage of ‘very wet days’ for a 7 

‘present’ (1986–2005) and future (2081–2010) time periods, under the RCP 8.5. It can be seen that P95 and 8 

the percentage of wet days present a moderate positive bias in the Pacific ITCZ, and the frequency change in 9 

very wet days increases to the south of the precipitation maximum in the ITCZ.  10 

 11 

 12 

[START FIGURE ATLAS.53: HERE] 13 

 14 
Figure Atlas.53: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet days’ 15 

for (a) the observational reference (EWEMBI) and (b) the CMIP5 subset, for the reference period 16 
1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) 17 
defined as exceeding the historical P95 threshold (results shown as relative change, %). Results are 18 
shown model by model in the bottom panels, with the ensemble means shown in the upper panels. 19 
Similar analysis for other indices and scenarios (including warming levels) are available at the 20 
Interactive Atlas (http://ipcc-atlas.ifca.es). 21 

 22 

[END FIGURE ATLAS.53: HERE] 23 

 24 

 25 

Tropical cyclone projections 26 

 27 

The analysis of CMIP3 projections revealed that models did not show great changes in Atlantic tropical 28 

cyclone tracks, projecting a decrease in the overall number of Atlantic TCs for the end of the present century, 29 

with high uncertainty, but showing a significant increase in the frequency of very intense hurricanes, 30 

duration and areas of impact (Bender et al., 2010; Knutson et al., 2008). 31 

 32 

The application of the PRECIS regional climate modelling system to the evolution of the CLLJ in a future 33 

climate (Taylor et al., 2013b) shows that it reproduces the present-day characteristics of this feature 34 

reasonably well, simulating its winter and summer peaks. The projections to the end of the century show an 35 

intensification of the CLLJ’s core strength and duration, particularly in the summer, extending from May to 36 

November, and causing decrease in precipitation. 37 

 38 

Jones et al. (2016) applied statistical downscaling of CMIP5 GCM output to the dependence of future 39 

Atlantic TC activity with the projections of atmospheric circulation parameters. Their results suggest that 40 

CLLJ summer variability is strongly associated with Atlantic TC frequency. According toYang et al. (2007) 41 

and Klotzbach (2011), the CLLJ is correlated with the vertical wind shear for the TC season and with the 42 

size of the Atlantic Warm Pool (AWP). On the other hand, Wang (2009) observed correlation of between the 43 

AWP and Atlantic tropical cyclones. Atlantic SST anomalies. Villarini and Vecchi (2013) found low 44 

response of TC frequency with the difference between local and tropical mean SST. Consequently, Jones et 45 

al. (2016) results suggest that in a warmer climate, zonal winds, and particularly the CLLJ become the main 46 

indicator of TC frequency, as the SST thresholds to support convection are almost always met.  47 

 48 

 49 

Atlas.5.5.2 South America 50 

 51 

Climate of South America 52 

 53 

The extent of the South America land area gives this region strongly varying characteristics, as much in its 54 

physical aspects, as in its cultural conditions. Factors such as topography, particularly the Andes mountains, 55 

vegetation – the Amazon rainforest – and the proximity of the Atlantic and Pacific oceans play a key role in 56 

http://ipcc-atlas.ifca.es/
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climatic patterns.  1 

 2 

The South America region is also characterized by numerous regional and local climates, which are 3 

influenced by multiple forcings. The main large-scale drivers include the ongoing, anthropogenically-driven 4 

long-term changes in climatic conditions, the interdecadal modes of natural variability (the Atlantic Multi-5 

decadal Oscillation – AMO, the North Atlantic Oscillation – NAO, and the Pacific Decadal Oscillation – 6 

PDO), the interannual to annual modes of natural variability (the El Niño-Southern Oscillation – ENSO and 7 

the Quasi-Biennial Oscillation – QBO), the seasonal variability driven by the meridional migration of the 8 

Intertropical Convergence Zone – ITCZ and the timing and intensity of the North American Monsoon 9 

System, the Madden-Julian Oscillation – MJO subseasonal mode of natural variability, and the behaviour at 10 

finer scales of the tropical easterly waves. At the subregion scale, several phenomena drive climate 11 

variability. In the Amazon (AMZ), key drivers include the South-Atlantic Convergence Zone, the Bolivian 12 

high, the 40- to 60-day intraseasonal oscillation, and the forcing of the high Andes Mountains to the west 13 

(Almeida et al., 2017). In the south-western South America (SWS) stripe, climate is driven by seasonal 14 

changes in the position of subtropical high-pressure air masses in the South Atlantic and South Pacific 15 

oceans, the Antarctic Oscillation, the dynamics of the cold Humboldt ocean current, and the icy cold fronts 16 

and mid-latitude westerlies (Valdés-Pineda et al., 2016). In the densely populated (Penalba and Robledo, 17 

2010), highly productive subregion of south-eastern South America (SES), climatic conditions are strongly 18 

tied to ENSO, whose influence is moderated by local air-sea thermodynamics in the South Atlantic 19 

(Barreiro, 2010). Lastly, the climate of the southern tip of South America (SSA) is influenced by the 20 

Southern Annular Mode, and the interaction between the wetter Pacific winds and the Andean Cordillera. 21 

 22 

Figure Atlas.54:, taken from the Satyamurty et al., (1998), shows the schematic representation of 23 

atmospheric systems in the lower troposphere over South America that were described above. A schematic 24 

representation of physical processes, annual cycle, trends and information that can be accessed from wider 25 

geographical or global coverage are important for stakeholder and users.  26 

 27 

[Placeholder: It would also be relevant contextual material for the corresponding WGI and WGII cross-28 

chapter paper to be presented here in summary and made available in the Interactive Atlas.] 29 

 30 

 31 

[START FIGURE ATLAS.54: HERE] 32 

 33 
Figure Atlas.54: Schematic of lower tropospheric systems over South America (Satyamurty et al., 1998). 34 
 35 

[END FIGURE ATLAS.54: HERE] 36 

 37 

 38 

Given that climates and biomes transcend national political boundaries, new regions have been used for the 39 

assessment (Section Atlas.2.2) that have a consistent climate change response signal and are climatically 40 

consistent (Barros et al., 2015; Neukom et al., 2010; Nobre et al., 2016; Solman et al., 2008). Several studies 41 

also have used those regions for analysis and impact studies (Alves et al., 2013; Cabré et al., 2016; Fu et al., 42 

2013). 43 

 44 

 45 

Atlas.5.5.2.1 Observations, trends and attribution 46 

 47 

Analyses of historical temperature time series strongly point to an increased warming trend across many 48 

South America regions, except for a cooling off the Chilean coast (high confidence). Annual rainfall has 49 

increased over south-eastern South America and decreased in most tropical land regions. The number and 50 

strength of extreme events, such as extreme temperatures, droughts and floods, have already increased 51 

(medium confidence). These are some of the main findings of the most recent IPCC assessment reports (AR5 52 

and SR1.5), however, not all of these changes are attributed to human activities in the 20th century. 53 

 54 

Taking into account these findings, it is still noted that the major barrier to the study of climate change in 55 
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many regions of South America is the absence or insufficiency of long time series of observational data. 1 

Most national datasets were created in the 1970s and 1980s, preventing a more comprehensive long-term 2 

trend analysis. To fulfil the users demand for climatological and meteorological data products covering the 3 

whole region several interpolation techniques have been used, such as reanalysis and gridded gauge-analysis 4 

products, and adds necessary spatial detail to the climate analyses over land and for climate variability and 5 

trend studies, however subject to uncertainties (Skansi et al., 2013). 6 

 7 

Historically many regions across the world have observations from the end of the 19th century and record 8 

temperatures in these have been more intense in the 21st century (Fischer and Knutti, 2015a). In recent 9 

decades, many studies have been done on climate trends in South America, which indicated that extremely 10 

warm maximum and minimum temperatures have shown an increasing trend (de Barros Soares et al., 2017; 11 

Skansi et al., 2013) as shown in Figure Atlas.55:a. Ceccherini et al., (2016) analysed the magnitude and 12 

frequency of heat and cold waves for 254 stations in South America for the period 1980–2014 and showed 13 

an increase in intensity and in frequency of these extreme events in an area covering most of South America. 14 

Conversely, there has been no significant change for cold waves. They also showed that the trend of the 15 

difference between the annual mean of the daily maximum temperature and the annual mean of the daily 16 

minimum temperature is positive – up to 1°C per decade – over the extratropics and negative – up to 0.5°C 17 

per decade – over the tropics. 18 

 19 

Regionally, analyses of temperatures point to an increased warming trend over Amazonia over the last 40 20 

years, which reached approximately 0.5°C, and with stronger warming during the dry season and over the 21 

southeast. The analyses also showed that 2016 was the warmest year since at least 1950 (Marengo et al., 22 

2018). In many areas in Brazil the frequency and length of heatwaves has increased over the last five 23 

decades (Bitencourt et al., 2016). Temperature extremes and heatwaves trends are also positive over most of 24 

Argentina during the recent decades (Barros et al., 2015). In central Argentina, the trends of temperature 25 

extremes show warming in several months with clear increases in heatwaves. However, in other parts of the 26 

country, combinations of different trends and decadal variability resulted in some cases in a decrease of 27 

extreme heatwaves (Rusticucci et al., 2016). In addition, Wu and Polvani, (2017) analysis of the Hadley 28 

Centre extremes dataset, HadEX2 (Donat et al., 2013), found a decrease in maximum temperature extremes 29 

over south-eastern South America (SESA) in the second half of the 20th century mostly caused by 30 

stratospheric ozone depletion over the South Pole. 31 

 32 

Andean temperatures showed significant warming trends, especially at inland and higher elevations sites, 33 

while trends are non-significant or negative at coastal sites, as found in previous studies (Burger et al., 2018; 34 

Vicente-Serrano et al., 2018; Vuille et al., 2015). The analysis over Chile and Peru also showed that the 35 

positive trends are largely to austral spring, summer and autumn seasons (Burger et al., 2018; Vicente-36 

Serrano et al., 2018). Over Peru a general warming trend in surface air temperature was observed, albeit with 37 

clear spatial and seasonal variation (Vicente-Serrano et al., 2018). 38 

 39 

In general, the spatial patterns of observed trends in temperature are more consistent than for precipitation 40 

across the whole South America. However, significant changes in the spatial and temporal rainfall variability 41 

were observed over South America in recent decades (Figure Atlas.55:b). For Brazil, Awange et al., (2016) 42 

studied droughts over a period of more than 100 years and observed no evidence of significant trend in 43 

drought frequency, intensity and duration over the last 11 decades (since 1901), although the drought areal 44 

extent show increasing trends of 3.4% per decade. The annual trends of dry days showed a significant 45 

increase in south-eastern Amazon, Upper São Francisco, northern Paraná and throughout the Tocantins 46 

basins and increasing annual trends in extreme rainfall events were detected in south-western Paraná, 47 

northeast Amazon and north-western Tocantins basins (Valverde and Marengo, 2014). In southeast Brazil 48 

there is a region of highly significant decrease of rainfall in both wet and dry seasons (Rao et al., 2016). In 49 

contrast, Saurral et al., (2017) found that the Southern South America has experienced significant increase of 50 

the annual precipitation mostly explained by positive trends in austral summer. They also found an increase 51 

in precipitation in eastern Patagonia and a marked decrease in rainfall in Chile. 52 

 53 

The Amazon biome is perhaps the most-studied in South America due to the important role it plays in the 54 

global energy, hydrological cycle and carbon balance. The Amazon basin has experienced more frequent 55 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-64 Total pages: 242 

floods and droughts over the past two decades (Espinoza et al., 2013; Gloor et al., 2015; Marengo and 1 

Espinoza, 2016). Observational studies also show that the dry-season length over southern Amazonia has 2 

increased significantly since 1979, and is accompanied by a prolonged fire season (Alves, 2016; Fu et al., 3 

2013). On the other hand, recent analyses of Amazon hydrological and precipitation data suggest an 4 

intensification of the hydrological cycle over the past few decades (Gloor et al., 2015). In general, these 5 

changes are attributed partly to decadal climate fluctuations, El Niño-Southern Oscillation (ENSO), the 6 

Atlantic SST north-south gradient, feedbacks between fire and land-use change mainly across south south-7 

eastern Amazon and changes in the frequency of organized deep convection (Fernandes et al., 2015; Sánchez 8 

et al., 2015a; Tan et al., 2015).  9 

 10 

In the south-eastern South America, a positive significant increase of total annual precipitation and intensity 11 

of rainfall events have been observed for several regions of Argentina (Barros et al., 2015; Cavalcanti et al., 12 

2015; Scian and Pierini, 2013; Wu and Polvani, 2017) from the late 1960s and increase the probability of 13 

mean flows over the main rivers of the Plata Basin. In contrast, it was found that droughts were more 14 

frequent in the western than in the eastern sector of Plata Basin and, over the Andes Mountains, reduced 15 

rainfall and increased temperature have led to glaciers receding and reduced river flows. 16 

 17 

 18 

[START FIGURE ATLAS.55: HERE] 19 

 20 
Figure Atlas.55: Local robust trends estimated annually for the 1969–2009 period for (a) cold nights (upper left plot), 21 

cold days (upper right panel), warm nights (bottom left panel) and warm days (bottom right panel), all 22 
showing warming and (b) for annual total rainfall (upper left panel), very wet days (upper central 23 
panel), extremely wet days (upper right panel), annual maximum consecutive 5-day precipitation 24 
(bottom left panel), annual maximum 1-day precipitation (bottom central panel) and consecutive dry 25 
days (bottom right panel). [Note, here placeholder figure taken from Skansi et al. (2013). To be 26 
updated to observational reference dataset (e.g. EWEMBI or other that will be used in the Atlas).]  27 

 28 

[END FIGURE ATLAS.55: HERE] 29 

 30 

 31 

Since South America has already experienced an increase in extreme events a few studies have been 32 

conducted in extreme-event attribution. Otto et al., (2015) showed that the human-induced greenhouse gas 33 

emissions seems to not be a major influence on the 2014/2015 drought in southeast of Brazil, whereas 34 

increasing population and water use changes increased vulnerability. On the other hand, Hannart et al. (2015) 35 

and de Abreu et al. (2019) indicated that anthropogenic climate change has increased the chance of receiving 36 

extreme events, such as the Argentinian heat wave of December 2013 and April–May 2017 extreme rainfall 37 

in the Uruguay River basin, by at least twofold with a most likely increase of about fivefold. 38 

 39 

 40 

Atlas.5.5.2.2 Assessment of model performance 41 

 42 

As reported in Chapter 9 of the WGI AR5 the models are able to reproduce quite well the general features of 43 

the regional-scale mean surface temperature. Despite of the simulation of regional-scale patterns of 44 

precipitation has improved somewhat since the AR4, the models continue to perform less well for 45 

precipitation than for surface temperature, and the assessment remains difficult owing to observational 46 

uncertainties. In additional, the multi-model mean is closer to observations than most of the individual 47 

models. 48 

 49 

A review of the scientific literature of the most important issues related to the assessment of climate models 50 

performance and their projections in South America reveals that since the AR5 the number of publications 51 

has increased, particularly on regional climate modelling studies (Ambrizzi et al., 2019)  52 

 53 

Although improvements in climate modelling capabilities in the past decades have advanced understanding 54 

of climate variability in South America, significant biases still persist mainly at regional scales (Abadi et al., 55 

2018; Blázquez and Nuñez, 2013; Gulizia et al., 2013; Gulizia and Camilloni, 2015; Joetzjer et al., 2013; 56 
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Jones and Carvalho, 2013; Torres and Marengo, 2013; Zazulie et al., 2017). For example, the majority of 1 

global and regional climate models are able to simulate reasonably well the current climatological features of 2 

South America, such as seasonal mean and annual cycles, while underestimating rainfall over tropical South 3 

America including the Amazon, Northeast Brazil and Andes (Fernandes et al., 2015; Joetzjer et al., 2013; 4 

Torres and Marengo, 2013; Yin et al., 2013; Yoon, 2016). Yin et al., (2013) have showed that during the dry 5 

season, both convective and large-scale precipitation are underestimated in most models over Amazonia. 6 

 7 

The biases in seasonal precipitation, annual precipitation and climate extremes over several regions of South 8 

America were reduced, including the Amazon, central South America, Bolivia, eastern Argentina and 9 

Uruguay, in the CMIP5 models when compared to of CMIP3. In general, the multi-model ensemble results 10 

have demonstrated better performance compared to individual models in most seasons and regions (Gulizia 11 

and Camilloni, 2015; Sillmann et al., 2013a; Torres and Marengo, 2013). For instance, as shown in Figure 12 

Atlas.56:, the CMIP5 ensemble mean showed simulations closer to observations than any of the individual 13 

GCMs for warm nights (panel a) and very wet days (panel b).  14 

 15 

Jones and Carvalho (2013) and de Carvalho and Cavalcanti (2016) so that some CMIP5 models exhibited a 16 

significant improvement in the representation of the South America Monsoon System (SAMS) life cycle 17 

compared to their versions in the CMIP3 whereas others continue to have problems in representing 18 

accurately the main SAMS features, such as amplitude and length. Reboita et al. (2014) found similar results 19 

using the RegCM3 RCM and also showed that the simulations overestimated the air temperature in northern 20 

Argentina and underestimated it in the Amazon. A systematic temperature overestimation and precipitation 21 

underestimation, with the warm bias amplified for austral summer and the dry bias amplified for rainy 22 

season, over the La Plata Basin was also found by Solman (2016) using a suite of seven regional climate 23 

model simulations. 24 

 25 

De Jesus et al. (2016a) demonstrated that the dry bias shown by most RCMs in the La Plata Basin (Solman et 26 

al., 2013) is due to errors in representing cold-front passages over southern Brazil. They found that in 27 

summer the precipitation bias is explained by a too low frequency of passages of cold fronts, while in winter 28 

it is explained by the fact that low pressure systems are not deep enough and that there is a lack of moisture 29 

availability in low levels.  30 

 31 

Over regions with complex orographic, such as the subtropical central Andes, the CMIP5 models were found 32 

to reproduce adequately well the regional and seasonal surface temperature and precipitation, as well as sea-33 

level pressure and circulation Zazulie et al., (2017). 34 

 35 

Overall, climate modelling has made some progress in the past decades, but the results reveals that there is 36 

no 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 validation of climate 42 

models also can be quite uncertain and may explain part of the important biases present in climate models. 43 

For example, ‘observed radiation’ like GEWEX-SRB is very uncertain over South America and in particular, 44 

the use of GEWEX-SRB in satellite algorithms causes important biases in evapotranspiration (Sörensson and 45 

Ruscica, 2018). 46 

 47 

 48 

[START FIGURE ATLAS.56: HERE] 49 

 50 
Figure Atlas.56: (a) Absolute daily minimum temperature amount corresponding to the 90th percentile (P90, in ºC) 51 

defining ‘warm nights’ for the observational reference (EWEMBI) and the CMIP5_subset, for the 52 
reference period 1986–2005; (b) Daily rainfall amount corresponding to the 95th percentile (P95, in 53 
mm/day) defining ‘very wet days’ for the observational reference (EWEMBI) and the CMIP5_subset, 54 
for the reference period 1986–2005. Results are shown model by model in the bottom panels, with the 55 
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ensemble means shown in the upper panels. Similar analysis for other indices and scenarios (including 1 
warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 2 

 3 

[END FIGURE ATLAS.56: HERE] 4 

 5 

 6 

Atlas.5.5.2.3 Assessment of projections 7 

 8 

According to the WGI Chapter 12, WGII Chapter 27 AR5 and SR1.5 Chapter 3 climate projections, derived 9 

from CMIP5 models and regional climate models for various Representative Concentration Pathways 10 

(RCPs), warming at the end of 21st century could reach 2°C to 6°C in a large portion of South America. For 11 

extreme heat events, an additional 0.5°C of warming implies a shift from the upper bounds of observed 12 

natural variability to a new global climate regime (Schleussner et al., 2016), with distinct implications for the 13 

urban poor. Rainfall changes for South America vary geographically, most notably showing a reduction in 14 

northeast Brazil, and an increase in southern South America. By 2100 projections show a substantial increase 15 

in meteorological drought.  16 

 17 

The most important anthropogenic influences on climate are the emission of greenhouse gases (GHG). 18 

Anthropogenic GHG emissions are indeed expected to alter substantially the climate over South America 19 

(SA) in the coming decades (Ambrizzi et al., 2019; Cabré et al., 2016; Coppola et al., 2014a; da Rocha et al., 20 

2014; Fernandez et al., 2017; Llopart et al., 2014, 2019; Menéndez et al., 2016; Reboita et al., 2018, 2014a, 21 

2016; Ruscica et al., 2016a; Sánchez et al., 2015b; Solman, 2013a; Zaninelli et al., 2019). Increases in 22 

extreme events, such as flood, drought, heatwaves and thermal comfort (Batista et al., 2016; Giorgi et al., 23 

2014; López-Franca et al., 2016; Marengo et al., 2017; Sillmann et al., 2013b) associated with climate 24 

change may pose severe stresses on natural ecosystems and various sectors of society in the continent. 25 

 26 

According to GCM and RCM projections, temperature may increase over South America (SA) by a wide 27 

range, up to ~1.0°C to 6.0°C, by the end of the 21st century (Ambrizzi et al., 2019; Coppola et al., 2014b; 28 

Llopart et al., 2019; Sánchez et al., 2015b), with the highest warming projected over the central SA (Cabré et 29 

al., 2016; Chou et al., 2014a; Coppola et al., 2014b; Llopart et al., 2019; Menéndez et al., 2016; Ruscica et 30 

al., 2016a). According to Torres and Marengo (2013), the temperature change is larger than the interannual 31 

variability range for entire SA. The precipitation changes expected for the late 21st century are complex due 32 

to the large spread exhibited by the future projections, but the ensemble average changes indicate a general 33 

drying of northern and wetting of southern SA (e.g. Chou et al., 2014b; Llopart et al., 2014; Menéndez et al., 34 

2016; Reboita et al., 2014b; Ruscica et al., 2016a; Sánchez et al., 2015b; Solman, 2013b; Zaninelli et al., 35 

2019),though with a large inter-model spread (Coppola et al., 2014a; Llopart et al., 2014, 2019; Sánchez et 36 

al., 2015b; Solman, 2013a). These changes will clearly impact natural and agricultural ecosystems (e.g. 37 

Camilo et al., 2018). On the other hand, according to Torres and Marengo (2013) the projected changes of 38 

precipitation have the same magnitude as the annual variability, however these results do not apply to the 39 

climate projections of climate extremes. 40 

 41 

To assess the future climate changes in precipitation (P), air temperature at to 2 m (T) and extreme events 42 

due to the global warming, we willfocus here on the extreme events shown in Table Atlas.13: to Table 43 

Atlas.19:(Heat wave Day Index (HWD), Dry Spell Length Index (also known as Consecutive Dry Days 44 

CDD), Heavy Precipitation Index (R95p), Hydroclimatic Intensity Index (HY-INT), Total Annual 45 

Precipitation (PRCPTOT), Cold Nights (TN10p), Cold Days (TX10p), Warm Nights (TN90p), and Warm 46 

Days (TX90p)) over seven key regions in SA (NWS, AMZ, SAM, NEB, SWS, SES and SSA; see Figure 47 

Atlas.2:). 48 

 49 

Table Atlas.13: to Table Atlas.19: summarize the projected change expected for the end of this century, 50 

relative to the present day. The baseline depends on the reference article – for example, Coppola et al. (2014) 51 

used 1975–2005 as reference period and Mourão et al. (2016) used 1961–1990. 52 

http://ipcc-atlas.ifca.es/
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 1 

[START TABLE ATLAS.13 HERE] 2 

 3 
Table Atlas.13: South America NWS region. If both increase and decrease are indicated, papers have shown different 4 

change signal or the signal is mixed over the region, i.e. there are positive and negative changes in the 5 
same region and it is difficult to assess the climate signal. 6 

Season Climate variables changes Extreme eventse 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

DJF Increasea Increasea Increasea Increasea     

MAM  Decreaseb       

JJA Decrease or 

increasec 

Decreasec Increasec Increasec     

SON         

Annual Increased Decreased Increased Increased CDD: 

decrease or 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

increase 

 

R95p: 

increase 

PRCPTOT: 

increase 

 

CDD: 

decrease 

 

R95p: 

increase 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

Notes: 7 
(a) (Chou et al., 2014b; Coppola et al., 2014b; Giorgi et al., 2014; Llopart et al., 2019; LYRA et al., 2016; Reboita et al., 2014a) 8 
(b) (Ruscica et al., 2016b) 9 
(c) (Chou et al., 2014b; Coppola et al., 2014b; Giorgi et al., 2014; Llopart et al., 2019; LYRA et al., 2016; Reboita et al., 2014a) 10 
(d) (Coppola et al., 2014b; LYRA et al., 2016) 11 
(e) (Chou et al., 2014b; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 12 
 13 

[END TABLE ATLAS.13 HERE] 14 

 15 
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[START TABLE ATLAS.14 HERE] 1 
 2 
Table Atlas.14: As Table Atlas.13 but for the South America AMZ region.  3 

Season Climate variables changes Extreme eventsf 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

DJF Decreasea Decreasea Increasea Increasea     

MAM  Decreaseb  Increaseb     

JJA Decreasec Decreasec Increasec Increasec     

SON  Decreased  Increased     

Annual Decreasee Decreasee Increasee Increasee CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

decrease 

 

R95p: 

increase 

PRCPTOT: 

increase 

 

CDD: 

increase 

 

R95p: 

increase or 

decrease 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

Notes: 4 
(a) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Reboita et al., 2014a) 5 
(b) (Chou et al., 2014b; Ruscica et al., 2016b) 6 
(c) (Chou et al., 2014; Llopart et al., 2014, 2019; LYRA et al., 2016; Reboita et al., 2014) 7 
(d) (Chou et al., 2014b; Ruscica et al., 2016b) 8 
(e) (Coppola et al., 2014a; LYRA et al., 2016) 9 
(f) (Chou et al., 2014b; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 10 
 11 

[END TABLE ATLAS.14 HERE] 12 

 13 

 14 
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 1 

[START TABLE ATLAS.15 HERE] 2 
 3 
Table Atlas.15: As Table Atlas.13, but for the South America SAM region.  4 

Season Climate variables changes Extreme eventsf 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

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 CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

decrease 

 

R95p: 

increase 

PRCPTOT: 

increase 

 

CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

Notes: 5 
(a) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Marengo et al., 2016; 6 
Reboita et al., 2014a) 7 
(b) (Chou et al., 2014b; Ruscica et al., 2016b) 8 
(c) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Marengo et al., 2016; 9 
Reboita et al., 2014a) 10 
(d) (Chou et al., 2014b; Ruscica et al., 2016b) 11 
(e) (Coppola et al., 2014a; LYRA et al., 2016) 12 
(f) (Chou et al., 2014b; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 13 
 14 

[END TABLE ATLAS.15 HERE] 15 

 16 
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[START TABLE ATLAS.16 HERE] 1 
 2 
Table Atlas.16: As Table Atlas.13, but for the South America NEB region.  3 

Season Climate variables changes Extreme eventsf 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

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 CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

decrease 

 

R95p: 

increase 

PRCPTOT: 

increase 

 

CDD: 

increase 

 

R95p: 

increase or 

decrease 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

Notes: 4 
(a) (Chou et al., 2014; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Marengo et al., 2017; 5 
Reboita et al., 2014) 6 
(b) (Chou et al., 2014b; Marengo et al., 2017; Ruscica et al., 2016b) 7 
(c) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Marengo et al., 2017; 8 
Reboita et al., 2014a) 9 
(d) (Chou et al., 2014b; Marengo et al., 2017; Ruscica et al., 2016a) 10 
(e) (Coppola et al., 2014a; LYRA et al., 2016; Marengo et al., 2017; Zaninelli et al., 2019) 11 
(f) (Chou et al., 2014b; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 12 
 13 

[END TABLE ATLAS.16 HERE] 14 

 15 
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 1 

[START TABLE ATLAS.17 HERE] 2 

 3 
Table Atlas.17: As Table Atlas.13, but for the South America SWS region.  4 

Season Climate variables changes Extreme eventsf 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

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 CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

decrease 

 

R95p: 

decrease 

PRCPTOT: 

decrease 

 

CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

Notes: 5 
(a) (Cabré et al., 2016; Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; Reboita et al., 2014a) 6 
(b) (Cabré et al., 2016; Ruscica et al., 2016a) 7 
(c) (Chou et al., 2014; Coppola et al., 2014a; Llopart et al., 2014, 2019; Reboita et al., 2014) 8 
(d) (Cabré et al., 2016; Ruscica et al., 2016a) 9 
(e) (Barros et al., 2015; Coppola et al., 2014a; LYRA et al., 2016) 10 
(f) (Chou et al., 2014b; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 11 
 12 

[END TABLE ATLAS.17 HERE] 13 
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 1 

[START TABLE ATLAS.18 HERE] 2 

 3 
Table Atlas.18: As Table Atlas.18, but for the South America SES region.  4 

Season Climate variables changes Extreme eventsf 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

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 CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

decrease 

 

R95p: 

increase 

PRCPTOT: 

decrease or 

increase 

 

CDD: 

increase or 

decrease 

 

R95p: 

increase or 

decrease 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

 

TMINmean: 

increase 

 

TMAXmean: 

increase 

Notes: 5 
(a) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Mourão et al., 2016; 6 
Reboita et al., 2014a) 7 
(b) (Chou et al., 2014b; Ruscica et al., 2016a) 8 
(c) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; LYRA et al., 2016; Mourão et al., 2016; 9 
Reboita et al., 2014a) 10 
(d) (Cabré et al., 2016; Chou et al., 2014b; Ruscica et al., 2016a) 11 
(e) (Barros et al., 2015; Coppola et al., 2014a; LYRA et al., 2016) 12 
(f) (Chou et al., 2014b; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b; Silva et al., 2014) 13 
 14 

[END TABLE ATLAS.18 HERE] 15 
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 1 

[START TABLE ATLAS.19 HERE] 2 

 3 
Table Atlas.19: As Table Atlas.13, but for the South America SSA region.  4 

Season Climate variables changes Extreme eventsf 

 P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

RCMs 

P 

GCMs 

P 

RCMs 

T 

GCMs 

T 

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 CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

 

PRCPTOT: 

decrease 

 

R95p: 

increase 

PRCPTOT: 

increase 

 

CDD: 

increase 

 

R95p: 

increase 

 

HY-INT: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

HWD: 

increase 

 

TN10p: 

decrease 

 

TX10p: 

decrease 

 

TN90p: 

increase 

 

TX90p: 

increase 

Notes: 5 
(a) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; Reboita et al., 2014a) 6 
(b) (Cabré et al., 2016) 7 
(c) (Chou et al., 2014b; Coppola et al., 2014a; Llopart et al., 2014, 2019; Reboita et al., 2014a) 8 
(d) (Cabré et al., 2016) 9 
(e) (Barros et al., 2015; Coppola et al., 2014a; Zaninelli et al., 2019) 10 
(f) (Chou et al., 2014; Giorgi et al., 2014; López-Franca et al., 2016; Sillmann et al., 2013b) 11 
 12 

[END TABLE ATLAS.19 HERE] 13 

 14 

In general, the studies focusing on the climate change over South America (SA) have been done at the 15 

annual scale or for the austral summer; there is a lack of studies for the other seasons that are still of 16 

importance – for example during the austral spring the El Niño–Southern Oscillation (ENSO) plays an 17 

important role in August-September. Concerning the temperature both GCM and RCM show the same signal 18 

positive change in the future over all SA, and this signal is independent of the climate model used (Chou et 19 

al., 2014b; Coppola et al., 2014a; Llopart et al., 2019). Regarding the precipitation change signal there is a 20 

large spread in the literature – for example for the regions analysed (NWS, NEB, WS, SES, SSA and SAM) 21 

some papers show an increase of precipitation and others a decrease which in turn makes it difficult to assess 22 

the precipitation signal in the future, while on the other hand for AMZ all studies agree in the signal of the 23 

changes. Regarding the extreme events over the continent in general, they focus on the annual scale and 24 

indicate that HWD, TNp10, TN90p will likely increase and TX10p and TX90p will likely decrease over all 25 

South America.On the other hand for the precipitation extremes the results show an increase in R95p and 26 

CDD. 27 

 28 

In order to summarize what has been shown in Table Atlas.13: to Table Atlas.19:, Figure Atlas.57: shows the 29 

climate change in frequency of warm night (left) and very wet days (right) computed with theCMIP5 for the 30 

future 2081–2100 under RCP8.5. It was noted that, in general, the frequency of warm night increases over 31 

the entire region. Regarding  precipitation, Figure Atlas.57: shows the possible increase in the frequency of 32 

extremely wet days under future climate conditions mainly over La Plata basin, western Amazonia, Peru, 33 

Ecuador and Colombia (with large uncertainty depending on the choice of GCM).  34 

 35 
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[START FIGURE ATLAS.57: HERE] 1 

 2 
Figure Atlas.57: (Left) Change in frequency of warm nights for the future 2081-2100 period (RCP8.5) defined as 3 

exceeding the historical P90 threshold (results shown as relative change, %); (right) Change in 4 
frequency of very wet days for the future 2081-2100 period (RCP8.5) defined as exceeding the 5 
historical P95 threshold (results shown as relative change, %). Results are shown model by model in 6 
the bottom panels, with the ensemble means shown in the upper panels. Similar analysis for other 7 
indices and scenarios (including warming levels) are available at the Interactive Atlas (http://ipcc-8 
atlas.ifca.es). 9 

 10 

[END FIGURE ATLAS.57: HERE] 11 

 12 

 13 

Atlas.5.6 Europe 14 

 15 

Summary features of climate change in Europe are described in Chapter 10. More specific information is 16 

given in this section, utilizing the Interactive Atlas portal to display observed and projected trends of 17 

temperature and precipitation. Results are based on evaluation of both CMIP5, CMIP6 and CORDEX multi-18 

model projections.  19 

 20 

Climate of Europe 21 

 22 

The regional European climate and main hazards were assessed in SREX, [SROCC], AR5 (WGII) and SR1.5 23 

so only a brief overview of Europe’s climate characteristics is provided here. In SREX, the European 24 

continent was divided into three climate regions, one of which (Mediterranean) also included North Africa. 25 

SREX mostly focused on changes in extreme events. SR1.5 is the most recent report available and is focused 26 

on changes in mean and extreme climate, hazards and related sectorial impacts under a 1.5°C warming 27 

compared to a 2°C warming above the pre-industrial era. 28 

 29 

The climatic regions defined for Europe include (see Figure Atlas.58:):  30 

• [MED] The Mediterranean region in the south characterized by mild winters and hot and dry 31 

summers (Mediterranean climate), and of which the climate is determined by sinking motion on the 32 

eastern flank of the climatological high pressure in the Atlantic region in boreal summer and by a 33 

part of the Atlantic storm track in boreal winter. 34 

• [CEU] The more continental region in the northeast characterized by warm summers and cold 35 

winters. 36 

• [NEU] The north-western regions, close to the Atlantic Ocean, characterized by more humidity and 37 

low temperatures in summers and by relatively mild winters.  38 

 39 

The main climatic features that characterize daily- to inter-annual variability in the European region are 40 

westerly winds and the accompanying Atlantic storm track with cyclones and anticyclones travelling mainly 41 

from the Atlantic towards inland Europe. Intra-seasonal and inter-annual variations are driven by modes of 42 

climate variability such as the North Atlantic Oscillation (Hurrel et al., 2003), and atmospheric flow patterns 43 

characterized as “weather regimes” in winter or summer seasons (Cassou et al., 2005; Michelangeli et al., 44 

1995). Feedbacks may amplify climate variability, in particular those between soil moisture and temperature 45 

in central Europe in summer (Boé and Terray, 2014) and those related to snow cover in winter (Henderson 46 

and Leathers, 2009). 47 

 48 

 49 

Atlas.5.6.1 Observations, trends and attribution 50 

 51 

Atlas.5.6.1.1 Summary of findings from AR5 and SR1.5 52 

 53 

Previous reports assessed several present-day hazards in Europe. AR5 WGI and SREX assessment reported 54 

that it is likely that heatwave frequency has increased since 1950 in large parts of Europe and that there is 55 
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high confidence that the frequency and intensity of precipitation have increased. It is very likely that human 1 

influence has contributed to the observed global-scale changes in the frequency and intensity of daily 2 

temperature extremes since the mid 20th century. It is likely that human influence has more than doubled the 3 

probability of occurrence of heatwaves in some locations. There is medium confidence that the observed 4 

warming has increased heat-related human mortality and decreased cold-related human mortality in some 5 

regions. Central and southern Europe, including the Mediterranean region, are highlighted as the regions 6 

with the highest levels of warming for extreme hot days. These regions are characterized by a strong 7 

coupling between soil moisture and temperature, and projected increased dryness. 8 

 9 

It is very likely that the number of cold days and nights has decreased and the number of warm days and 10 

nights has increased at both the European and global scales. In the Russian European north, a considerable 11 

reduction in permafrost thickness and areal extent has been observed over the 1975–2005 period (medium 12 

confidence). 13 

 14 

For mean temperature and cold extremes, the strongest warming is found in the northern high-latitude 15 

regions due to substantial ice-snow-albedo-temperature feedbacks. The annual Arctic sea-ice extent 16 

decreased dramatically over the 1979–2012 period. The rate of this decrease was very likely between 3.5 and 17 

4.1% per decade (0.45 to 0.51 million km2 per decade). It is likely that there has been an anthropogenic 18 

contribution to the substantial Arctic warming over the past 50 years. 19 

 20 

Since the 1970s, it is virtually certain that the frequency and intensity of storms in the North Atlantic have 21 

increased, although the reasons for this increase are debated. With high confidence, floods recorded in the 22 

20th century have been larger than those occurring during the past five centuries in northern and central 23 

Europe, and the western Mediterranean region. Thresholds used to assess the change in floods are 1:20 or 24 

1:100 year return period. 25 

 26 

It is very likely that aerosol column amounts have declined over Europe and the eastern USA since the mid-27 

1990s.  28 

 29 

Atlas.5.6.1.2 Assessment of observed trends, particularly on extremes 30 

 31 

An assessment of more recent literature largely confirms the findings of previous reports (both AR5 and 32 

SREX) but with additional detail and higher confidence (for some measure) due to improvements in 33 

observations and refinement in methods. Trends related to temperature and its extremes (heatwaves, hot 34 

days, tropical nights, etc.) have been positive over Europe (Cardil et al., 2014; Scherrer et al., 2016; Vicente-35 

Serrano et al., 2014). There are no 30-year periods in the last two millennia in which the mean European 36 

summer temperatures exceeded the temperature of the 1986–2015 period (Luterbacher et al., 2016). 37 

 38 

In many regions and in country-specific studies, generally positive trends in precipitation extremes 39 

(Casanueva et al., 2014; Madsen et al., 2014) as well as droughts (Gudmundsson and Seneviratne, 2015) 40 

over the second half of the 20th century have been found. Northern Europe and Scandinavia have become 41 

wetter with attendant increases in extreme precipitation (Fleig et al., 2015; Gregersen et al., 2015; 42 

Irannezhad et al., 2017). Increasing trends in both heavy precipitation and extreme temperatures have been 43 

reported at most Swiss meteorological stations (Scherrer et al., 2016). 44 

 45 

It is extremely likely that daily precipitation extremes have increased since the 1960s over the French 46 

Mediterranean area (Blanchet et al., 2018; Ribes et al., 2019; Vautard et al., 2015). Using a large collection 47 

of quality-checked and homogenized station data, Ribes et al. (2019) have estimated the mean intensity 48 

increase of the annual maximum rainfall amount at 22% (7–39% at the 90% confidence level) over the 49 

1961–2015 period. It is suggested that intense precipitation increases faster with increasing temperature than 50 

can be deduced from the Clausius-Clapeyron relationship (Drobinski et al., 2018), but contradicting results 51 

are found due to lack of consistence in methodologies and observational characteristics. 52 

 53 

In a recent analysis of snow conditions over Europe, Fontrodona Bach et al. (2018) showed that there is a 54 

widespread and accelerated decrease of both mean and extreme snow depth in Europe. An exception to this 55 
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are areas with the coldest climates, including north-eastern Europe and high-altitude parts of Scandinavia. 1 

For the Baltic Sea, the annual maximum sea-ice extent has decreased, the length of the ice season has 2 

shortened and the occurrence of severe ice winters has decreased over the past decades (Haapala et al., 3 

2015).  4 

 5 

For the Mediterranean Sea, duration, maximal surface, and intensity of surface and sub-surface marine 6 

heatwaves have increased over the 1982–2017 period (Darmaraki S., Somot S., Sevault F., 2019) (high 7 

confidence). This is confirmed by both a satellite-based SST product and a hindcast simulation using a 8 

coupled Regional Climate System Model. Long-term and intercalibrated in-situ observations demonstrate 9 

that with (very) high confidence that temperature, salinity and density of the deepest layers of the north-10 

western Mediterranean Sea have increased over the 1980–2013 period (Somot et al., 2018a). 11 

 12 

 13 

Atlas.5.6.1.3 Attribution of observed trends and extremes 14 

 15 

A substantial fraction of temperature extremes including Europe can be attributed to anthropogenic activity 16 

(Coumou and Rahmstorf, 2012; Fischer and Knutti, 2015b). Examples include: the heatwave over large parts 17 

of northern Europe in summer 2018 with exceptionally warm conditions over an extended period of time 18 

(Kjellström et al. 2018, in prep.), the heatwave in southern Europe in summer 2017 with unusual hot 19 

conditions  (e.g. Kew et al., 2019), warm wintertime conditions in France in 2015 where global warming and 20 

unusual atmospheric circulation jointly played a role (Jézéquel et al., 2018), and unusual large volumes of 21 

precipitation over the British Isles in the winter of 2013/2014 (Christidis et al., 2015; Schaller et al., 2016). 22 

However, for precipitation and at local to regional scales, this attribution is less straightforward (Stott, 2016). 23 

During the northwest European dry and warm spell in the spring and summer of 2018, the temperature 24 

extremes could be attributed to global warming, but the drought could not. Some approaches may lead to 25 

overconfident statements on an attributable human influence on extreme events (Bellprat and Doblas‐Reyes, 26 

2016). 27 

 28 

The increasing trend in surface shortwave radiation, documented in AR5 to occur since the 1980s and 29 

referred to as a brightening effect, is substantiated over Europe and the Mediterranean region (Nabat et al., 30 

2014; Sanchez‐Lorenzo et al., 2015). This increasing trend has been attributed to the decrease in 31 

anthropogenic sulphate aerosols over the 1980–2012 period (Nabat et al., 2014). In model sensitivity 32 

experiments, the aerosol trend has been quantified to explain 81 ± 16% of the European surface shortwave 33 

trend and 23 ± 5% of the European surface temperature warming. Using cloud and radiation observations at 34 

the CESAR observatory in the Netherlands, Boers et al. (2017) showed that decadal trends in cloud 35 

characteristics also play a role. Assessing studies on the Baltic Sea area, Rutgersson et al. (2015) also found 36 

a coincidence of negative trends in cloudiness with positive trends in solar radiation over recent decades 37 

(medium confidence). 38 

 39 

 40 

Atlas.5.6.1.4 Availability of observation and reanalysis datasets containing information on higher 41 

resolution and/or sub-daily climate metrics 42 

 43 

To support climatological analyses and model evaluation, national meteorological and hydrological services 44 

are increasingly making available high spatial and temporal resolution gridded and in situ homogenized and 45 

quality-checked datasets. The inclusion of additional station data lead to a better representation of extreme 46 

precipitation statistics than the global-scale CRU or continental-scale E-OBS datasets. For example, in 47 

Norway a 1km gridded daily precipitation and temperature dataset is available from 1957 to the present 48 

(Lussana et al., 2018). Switzerland, Sweden, France, Germany, Poland, Spain and the Carpathians also boast 49 

gridded observation-based datasets at resolution of 2 to 25 km (Berg et al., 2016; Déqué and Somot, 2008; 50 

Herrera et al., 2016; Ivušić S., Somot S., Güttler I.; Noël et al., 2015; Rauthe et al., 2013; Ruti et al., 2016a; 51 

Vidal et al., 2010). Recent gridded products merging radar and station data allow to reach higher resolution 52 

such as 1 km × 1 hour –  for instance COMEPHORE over France (Fumière et al., 2019; Tabary et al., 2011). 53 

 54 

While the emergence of very high-resolution observation-based gridded datasets does provide additional 55 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-77 Total pages: 242 

information for climate assessments and model evaluation, a number of caveats exists. The gridded datasets 1 

are unreliable over data-sparse regions. Also, many datasets employ different approaches to interpolation and 2 

gridding, which adds to their uncertainty and complicates comparative evaluations (Berthou et al., 2018; 3 

Fantini et al., 2018; Kotlarski et al., 2017). For example, differences between different precipitation datasets 4 

have been shown to be of the same magnitude as errors in regional climate models (Prein and Gobiet, 2017). 5 

 6 

A number of high-resolution reanalysis products exists (Table Atlas.20:). While these very high-resolution 7 

products show richer spatial structure and correct for unphysical features seen in coarser-resolution 8 

interpolation-based products, some of them tend to overestimate mean precipitation, frequency of wet days 9 

and underestimate the frequency of heavy precipitation (Isotta et al., 2015). HIRLAM reanalysis outperforms 10 

ERA-Interim at describing extreme values of 2-m temperature and 24-hour accumulated precipitation, but no 11 

added value could be quantified for the wind speed at 10 m over land (Dahlgren et al., 2016). In contrast, 12 

MÉRA is shown to improve the representation of wind and precipitation extremes (Whelan et al., 2018). 13 

 14 

Regional ocean reanalysis have been recently produced and evaluated for the European seas – such as the 15 

Mediterranean Sea (Hamon et al., 2016). They improve surface ocean characteristics (SST, circulation, eddy-16 

kinetic energy) compared to hindcast simulations that do not include data assimilation.  17 

 18 

 19 

[START TABLE ATLAS.20 HERE] 20 

 21 
Table Atlas.20: European reanalysis products [Table to be moved to Annex on Reanalyses in SOD] 22 

 23 

Name Provider Resolution Domain Time Range Reference 

EURO4M MESAN  5 km   (Landelius et al., 

2016) 

COSMO-ENS-

REA12 

Uni Bonn & Cologne 

DWD 

0.018° × 0.018° Central Europe 2006–2010 (Bach et al., 

2016) 

COSMO-REA6 Uni Bonn & Cologne 

DWD 

0.055° × 0.055° Europe 1995–2015 (Bollmeyer et 

al., 2015) 

COSMO-REA2 Uni Bonn & Cologne 

DWD 

0.11° × 0.11° Europe  2007–2013 (Wahl et al., 

2017) 

HIRLAM 3D SMHI 0.2° × 0.2° Europe 1979–2013 (Dahlgren and 

Gustafsson, 

2012) 

MÉRA Irish Meteorological 

Service 

2.5 km Ireland/United 

Kingdom 

1981–2015 (Whelan et al., 

2018) 

 24 

[END TABLE ATLAS.20 HERE] 25 

 26 

 27 

Atlas.5.6.2 Assessment of model performance 28 

 29 

Atlas.5.6.2.1 Summary of findings from AR5 30 

 31 

The ability of models to simulate the climate in this region has improved in many important aspects since 32 

AR4. Particularly relevant for this region are increased model resolution and a better representation of the 33 

land-surface processes in many of the models that participated in the recent CMIP5 experiment.  34 

 35 

Although climate models have improved fidelity in simulating aspects of regional climates over Europe and 36 

the Mediterranean, the spread in projections is still substantial, partly due to large amounts of natural 37 

variability in this region (particularly NAO and AMO), besides the inherent model deficiencies. Storm track 38 

biases in the North Atlantic have improved slightly, but models still produce a storm track that is too zonal 39 

and underestimate cyclone intensity.  40 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-78 Total pages: 242 

 1 

Atlas.5.6.2.2 Assessments of modelled climatology of mean annual cycle and extremes in relation to 2 

observations 3 

 4 

GCMs are capable of simulating the main features of mid-latitude climate affecting Europe (Cattiaux et al., 5 

2013; McSweeney et al., 2015). In standard-resolution CMIP5 GCMs, however, the Atlantic storm track 6 

intensity is too weak and too zonal while the jet is too strong (Zappa et al., 2013). The persistence of weather 7 

patterns is typically underestimated (Cattiaux et al., 2013), as well as the frequency of Euro-Atlantic 8 

blocking in winter (Anstey et al., 2013; Davini and D’Andrea, 2016; Dunn-Sigouin and Son, 2013; Mori et 9 

al., 2014). Higher horizontal resolution typically helps to mitigate these biases (Berckmans et al., 2013).  10 

 11 

Regional climate models driven by reanalysis have been extensively evaluated regarding a range of climate 12 

features over Europe and the Mediterranean (Casanueva et al., 2016; Cavicchia et al., 2018; Drobinski, P., 13 

Bastin, S., Arsouze, T., Beranger, K., Flaounas, E., Stefanon, 2018; Fantini et al., 2018; Harzallah et al., 14 

2018; Ivanov et al., 2017; Panthou et al., 2018; Terzago et al., 2017; Vaittinada Ayar et al., 2016). Standard 15 

assessments of RCMs confirm that the Euro-CORDEX and Med-CORDEX ensembles are capable of 16 

reproducing the salient features of European climate, corresponding to the ENSEMBLES simulations 17 

(Kotlarski et al., 2014). They have been shown to be able to represent realistically circulation features such 18 

as coastal low-level jet (over Portugal), medicanes (Gaertner et al., 2018), Mediterranean cyclones (Flaounas 19 

et al., 2018; Sanchez-Gomez and Somot, 2018) and intensity, direction and inland penetration of the sea 20 

breeze (south of France, (Cardoso et al., 2016; Drobinski et al., 2018)). Evaluation of extreme events such as 21 

temperature records (Bador et al., 2017), extreme precipitation (Ribes et al., 2019) or other variables – such 22 

as surface shortwave and longwave radiation (Nabat et al., 2014, 2015b) –, aerosol optical depth (Nabat et 23 

al., 2013), regional winds (Belušić et al., 2018; Dafka et al., 2018; Obermann-Hellhund et al., 2018), SST 24 

diurnal cycle (Voldoire et al., 2017), air-sea fluxes (Waldman et al., 2017), and long-term deep -sea 25 

temperature and salinity characteristics (Somot et al., 2018a) have also been carried out.  26 

 27 

Systematic errors persist such as cold and wet biases over much of the continent and warm dry biases in the 28 

south in summer. Seasonal and regionally -averaged temperature biases generally do not exceed 1.5°C, while 29 

precipitation biases are typically ±40% range (Kotlarski et al., 2014). The warm and dry summer bias over 30 

southern and south-eastern Europe is reduced compared to the previous ENSEMBLES simulations 31 

(Dell’Aquila et al., 2018; Giot et al., 2016; Katragkou et al., 2015; Prein and Gobiet, 2017). In some cases 32 

these biases are mitigated by compensating errors further complicating the picture within the Euro-CORDEX 33 

ensemble (García-Díez et al., 2015; Katragkou et al., 2015). RCMs are able to reproduce the basic anomaly 34 

structure of temperature and precipitation connected to blocking, though misrepresent some aspects. 35 

Increased resolution did not improve the representation of these features (Jury et al., 2018). RCMs are able to 36 

reproduce the main areas of high cyclone frequency in the Mediterranean Sea, although the frequency of 37 

intense cyclones is generally underestimated (Flaounas et al., 2018).  38 

 39 

The formulation of land surface modules in RCMs greatly determines the spread between Euro-CORDEX 40 

RCMs in terms of the overall soil-moisture interannual variability and the spatial patterns and annual cycles 41 

of surface fluxes for the different European climate zones (Knist et al., 2017). The models reproduce the 42 

spatial pattern of weak land-atmosphere coupling in northern Europe and stronger coupling in southern 43 

Europe. However, in the transition zone from strong to weak coupling covering large parts of central Europe, 44 

many of the RCMs tend to overestimate the coupling strength. 45 

 46 

Bias adjustment, weather generators and statistical downscaling methods have been assessed in the VALUE 47 

network (Maraun et al., 2015b) (see also Chapter 10, Section 10.3.3.3 and Box 10.2 “Issues in Bias 48 

Adjustment”). Bias adjustment requires as input a climate model that adequately simulates the processes 49 

controlling the regional climate of interest (Maraun et al., 2017b). Although the approach in principle adjusts 50 

all calibrated aspects well, problems may arise for extreme quantiles (Gutiérrez et al., 2018b; Hertig et al., 51 

2018). For extreme precipitation, non-parametric methods outperform parametric methods over the observed 52 

range of values (Hertig et al., 2018). Quantile mapping tends to overestimate interannual variability and to 53 

deteriorate historical trends (Maraun et al., 2017a). Univariate bias -adjustment methods inherit temporal and 54 

spatial dependence from the driving model, although the adjustment of wet days slightly improves these 55 
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aspects for precipitation (Maraun et al., 2017a; Widmann, 2019). 1 

 2 

An evaluation of the Euro-CORDEX models has been carried out using the data included in the Interactive 3 

Atlas portal (Section Atlas.7). A detailed description of the reference data, metrics and models being 4 

evaluated is given in Section Atlas.3. 5 

 6 

 7 

[START FIGURE ATLAS.58: HERE] 8 

 9 
Figure Atlas.58: Evaluation of precipitation-based indices for five RCMs driven by ERA-Interim (rows 2-6), in terms 10 

of the relative bias with respect to the observational reference (EWEMBI) for the three European 11 
subdomains NEU, CEU and MED. For comparison purposes, results are also shown for the driving 12 
dataset, ERA-Interim (first row). See Section Atlas.3 for details on the RCMs, observations and 13 
indices used. 14 

 15 

[END FIGURE ATLAS.58: HERE] 16 

 17 

 18 

Atlas.5.6.2.3 Assessments of modelled trends and variability  19 

 20 

RCMs have been shown to reproduce the recent downward trend in snowfall days over northern Spain (Pons 21 

et al., 2016). Inclusion of a realistic description of the past anthropogenic aerosol trend is crucial to avoid 22 

underestimation of the observed trend in surface shortwave radiation and surface temperature by RCMs 23 

(Bartók et al., 2017; Ceppi et al., 2012; Nabat et al., 2014). Over the Mediterranean, RCMs generally 24 

underestimate the observed long-term temperature trend, mostly in summer, even with respect to the driving 25 

reanalysis. They show rather limited ability to reproduce decadal variability in temperature and precipitation 26 

over the Euro-Mediterranean region (Dell’Aquila et al., 2018), which is strongly related to the considerable 27 

natural variability at this time scale (Aalbers et al., 2018). Euro-CORDEX models are generally able to 28 

capture historical heatwaves and heatwaves with magnitudes up to the 2003 event in France (Ouzeau et al., 29 

2016). 30 

 31 

When they are well forced at their ocean boundary, coupled Regional Climate System Models (RCSMs) are 32 

able to reproduce relatively well the past sea-level variability and trend of the Mediterranean Sea (Adloff et 33 

al., 2018). Coupled RCSMs do tend to underestimate observed trends in SST and in marine heatwaves in the 34 

Mediterranean Sea as well as latent-heat loss trends (Darmaraki et al., 2019; Nabat et al., 2014; Sevault et al., 35 

2014) and the deep-water mass characteristics (Somot et al., 2018b). The origin of this bias is unclear. 36 

 37 

 38 

Atlas.5.6.2.4 Added value of RCMs and convection permitting models (CPMs) 39 

 40 

RCMs run at 12 km generally show similar area-averaged, seasonal mean features compared to coarser-scale 41 

simulations (with GCMs and lower-resolution RCMs). However, higher-resolution simulations do show 42 

improved performance in reproducing the spatial patterns and seasonal cycle of mean precipitation over all 43 

European regions (Mayer et al., 2015; Soares and Cardoso, 2018), extreme precipitation (Fantini et al., 2018; 44 

Prein et al., 2016; Ruti et al., 2016a; Torma et al., 2015), snow-melt driven runoff in the Alps (Coppola et al., 45 

2018), and mountainous zones (Torma, 2019). This is mainly due to the better representation of orography at 46 

high resolution (e.g. Dyrrdal et al., 2018). Precipitation improvements in summer are attributed to better 47 

representation of larger spatial convection structures. Nevertheless, limited added value was noted for 48 

heatwaves (Vautard et al., 2013). 49 

 50 

Convection-Permitting RCMs (CPRCM, running at a resolution of typically 1 to 3 km) are better able to 51 

capture observed extreme precipitation behaviour than 12-km RCMs (Berthou et al., 2018; Fumière et al., 52 

2019; Kendon et al., 2014; Lind et al., 2016; Prein et al., 2015). Ban et al. (2014) found Clausius-Clapeyron 53 

(CC) scaling between temperature and moderate (90th percentile value) hourly precipitation events, while 54 

super-CC scaling was noted for the extreme (99th percentile and up) tails of hourly precipitation. 55 
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 1 

Over specific geographic features such as mountains, high-resolution CPRCMs are able to modulate strongly 2 

the climate change signal simulated by the low-resolution GCMs (Giorgi et al., 2016; Torma and Giorgi, 3 

2019). This is especially true for summer precipitation over the Alps where opposite signs of changes in 4 

mean and extreme precipitation are generated by the CMIP5 GCM ensemble and the 12-km Med-CORDEX 5 

and Euro-CORDEX RCM ensemble (Giorgi et al., 2016). The physical basis of this climate change signal 6 

modulation is fairly well understood.  7 

 8 

 9 

Atlas.5.6.2.5 Assessment of coupled regional climate system models  10 

 11 

Coupled RCMs for the Baltic, North Sea and Mediterranean Sea have been further explored since AR5. 12 

New, or updated, higher-resolution, coupled atmosphere-ocean-ice model systems have been found to 13 

simulate realistically the observed climate with improvement with respect to stand-alone atmosphere model 14 

versions in features like the winter SST in the Baltic Sea, the correlation between precipitation and SST, 15 

between surface heat-flux components and SST, and for weather events like convective snow bands over the 16 

Baltic Sea (e.g. Gröger et al., 2015; Pham et al., 2017; Tian et al., 2013; Van Pham et al., 2014; Wang et al., 17 

2015). Wang et al. (2015), Gröger et al. (2015) and Tian et al. (2013) have shown that coupling makes a 18 

significant difference over relatively small areas that include the areas where ocean and atmosphere are 19 

coupled. Panthou et al. (2018) also showed that over land differences between atmosphere-only and coupled 20 

RCMs are confined to coastal areas that are directly influenced by SST anomalies. In contrast, Van Pham et 21 

al. (2014) showed significant differences in seasonal mean temperature across a widespread continental 22 

domain. 23 

 24 

Med-CORDEX atmosphere-RCMs and coupled RCSMs including the atmosphere-aerosol-land-river-ocean 25 

regional coupling have been assessed for mean climate characteristics with a focus on decadal variability. 26 

Coupled RCSMs adequately represent the Mediterranean climate and its extremes, with similar skill as the 27 

ENSEMBLES ensemble and the Euro-CORDEX ensemble (Dell’Aquila et al., 2018; Fantini et al., 2018; 28 

Gaertner et al., 2018). Sea wind (Akhtar et al., 2018), the turbulent air-sea fluxes (Akhtar et al., 2018; 29 

Sevault et al., 2014), and the seasonal cycle of the medicane frequency (Gaertner et al., 2018) have been 30 

alsoshown to be improved in coupled RCSMs. 31 

 32 

The role of aerosol forcing is increasingly analysed as new and more realistic aerosol datasets become 33 

available (Nabat et al., 2013; Pavlidis et al.), and as RCMs begin to include interactive aerosols (Drugé et al.; 34 

Nabat et al., 2012, 2015a). Explicitly accounting for aerosol effects in RCMs leads to improved 35 

representation of the surface shortwave radiation at various scales: long-term means (Gutiérrez et al., 2018a), 36 

past trends (Nabat et al., 2014), day-to-day variability (Nabat et al., 2015a) and future climate projections 37 

(Boé et al. in prep.; Gutiérrez et al. in prep.). It is likely that including a realistic representation of aerosol in 38 

climate models over Europe decreases positive land- and sea-surface temperature trends, with associated 39 

reductions in evaporation and precipitation, and increases the deep-water formation rate in the Mediterranean 40 

Sea (Nabat et al., 2014). For favourable circulation types, the representation of aerosols affects the simulated 41 

heatwave intensity over Europe (Nabat et al., 2015a; Pavlidis et al.). 42 

 43 

The impact of on-line coupling of a city module in a 12-km RCM over France has been assessed by Daniel et 44 

al. (2018). In an evaluation run, improving the representation of cities in this RCM led to a regional surface 45 

warming extending well beyond the urban areas. The impact on precipitation was shown to be small.  46 

 47 

While the importance of vegetation and land-use change on climate has received a lot of attention of the 48 

GCM community, results on regional scales are rather sparse and eventually contradicting (Levis, 2010). 49 

Large differences between the implemented land surface models, the vegetation -coupling strategy and the 50 

way of implementing maps of land-cover change do play a role (Pitman et al., 2009). 51 

 52 

Wramneby et al. (2010) identified central Europe, the Scandinavian mountains and southern Europe as 53 

climate-vegetation hotspots. Specifically for southern Europe they found that increased summer dryness 54 

restricts plant growth and survival, causing a positive warming feedback through reduced evapotranspiration. 55 
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Alo and Anagnostou (2017) found that summer warming in the Mediterranean area is reduced when 1 

allowing interactive vegetation responses to altered climate conditions, as a result of counteracting cooling 2 

due to an increased albedo, and warming due to a decreased Leaf Area Index (LAI) in response to regional 3 

warming. Davin et al. (2019) explored idealized land-use scenarios using the CORDEX-FPS-LUCAS 4 

ensemble (Rechid et al.). They concluded that it is difficult to reach consensus on the sign of summer 5 

temperature responses to widespread afforestation. A large part of the inter-model spread was attributed to 6 

the representation of land processes.  7 

 8 

 9 

Atlas.5.6.3 Assessment of projections 10 

 11 

Atlas.5.6.3.1 Summary of findings from AR5 and SR1.5 12 

 13 

The CMIP5 projections reveal warming in all seasons for the three European subregions, while precipitation 14 

projections are more variable across subregions and seasons.  15 

 16 

A large ensemble of RCM-GCM simulations shows that the temperature response is robust in spite of a 17 

considerable uncertainty related to the choice of (GCM/RCM) model combination and sampling (natural 18 

variability), even for the 2021–2050 time frame.  19 

 20 

It is likely that in the next decades the frequency of warm days and warm nights will increase in most land 21 

regions, while the frequency of cold days and cold nights will decrease. Models also project increases in the 22 

duration, intensity and spatial extent of heatwaves and warm spells for the near term. Several studies project 23 

that European high-percentile summer temperatures are projected to warm faster than mean temperatures. 24 

 25 

Studies assessed in SR1.5 have clearly identified a possible amplification of temperature extremes by 26 

changes in soil moisture, acting as a mechanism that further magnifies the intensity and frequency of 27 

heatwaves related to summer drying conditions. Other studies indicate that European winter variability may 28 

be related to sea-ice reductions in the Barents-Kara Sea. 29 

 30 

In the winter half year, NEU and CEU are projected to have increased mean precipitation associated with 31 

increased atmospheric moisture, increased moisture convergence and intensification in extratropical cyclone 32 

activity and no change or a moderate reduction in the MED. In the summer half year, NEU and CEU mean 33 

precipitation are projected to have only small changes whereas there is a notable reduction in MED. High-34 

resolution projections from the Japanese high-resolution model ensemble and results from coordinated multi-35 

model GCM/RCM experiments (e.g. ENSEMBLES) agree with these findings.  36 

 37 

A 2°C global warming is associated with a robust increase in seasonal mean precipitation over central and 38 

northern Europe in winter and with decreases in mean precipitation in central/southern Europe in summer. 39 

These precipitation changes more pronounced than with a 1.5°C global warming. 40 

 41 

For a 2°C global warming, an increase in runoff is projected for north-eastern Europe while decreases are 42 

projected in the Mediterranean region, where runoff differences between 1.5C and 2C global warmings 43 

will be most prominent. At high latitudes high river flows are expected to be more frequent. 44 

 45 

From the special report SR1.5 it appears that probabilities associated with increases in drought frequency and 46 

magnitude are substantially larger at 2°C than at 1.5°C in the Mediterranean region (medium confidence). 47 

Drying in the Mediterranean is consistent with projected changes in the Hadley circulation.  48 

 49 

AR5 WGII, and in particular the European chapter (Chapter 23) therein, provide detailed hazard projections. 50 

They report that there is medium confidence in extreme -wind increase in central and northern Europe, and 51 

low confidence of a small decreasing trend in Southern Europe by the end of century. The literature assessed 52 

in AR5 shows high confidence in an increase in extreme sea level events and a significant increase of storm 53 

surge for the North Sea, to the west of United Kingdom and Ireland. The frequency of 100-year return period 54 

river-discharge event is expected to increase in continental Europe and decrease in some northern and 55 
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southern European regions. Increase in extreme discharge is projected in Finland, Denmark, Ireland, the 1 

Rhine basin, the Danube basin and France. Snowmelt flood may decrease by the end of the 21st century and 2 

peak floods in northern Europe may increase in autumn and winter due to increased rainfall in these seasons. 3 

A decline in low flow is projected by 2100 for United Kingdom, Turkey, France and rivers fed by Alpine 4 

glaciers.  5 

 6 

In the near term, decadal predictability is likely to be critically dependent on the regional impacts of modes 7 

of variability ‘internal’ to the climate system. However, it has been shown that NAO trends do not account 8 

for a large fraction of the long-term future change in mean temperature or precipitation, and that large-scale 9 

atmospheric circulation changes in CMIP5 models are not the main driver of the warming projected in 10 

Europe by the end of the century (2081–2100).  11 

 12 

In Europe adaptation policy has been developed across all levels of government, with some adaptation 13 

planning integrated into coastal and water management, into environmental protection and land planning and 14 

into disaster risk management. 15 

 16 

 17 

Atlas.5.6.3.2 Assessment of regional projections, and the uncertainty cascade for future projections 18 

 19 

Global warming can lead to systematic changes in regional climate variability via various mechanisms. 20 

Thermodynamic responses such as altered lapse rates (Brogli et al., 2019; Kröner et al., 2017) and land-21 

atmosphere feedbacks (Boé and Terray, 2014) modify temporal and spatial variability of temperature and 22 

precipitation, including altered seasonal and diurnal cycle and return frequency of extremes. Regional 23 

feedbacks with sea surface, land surface, clouds, radiation and other processes modulate the regional 24 

response to enhanced warming. Spatial pooling of climate change signals enhances the statistical robustness 25 

of the observed and projected trends (Fischer et al., 2013). 26 

 27 

Regional climate change simulations from Euro-CORDEX have been assessed for levels of global warming 28 

at 1.5 and 2.0C (Ruti et al., 2016b; Schaller et al., 2016; Teichmann et al., 2018). The projections indicate 29 

enhanced local warming also at relatively low global warming levels, particularly towards the north in 30 

winter. At approximately 50N a divide between a wet (north) and dry (south) trend is projected (Jacob et al., 31 

2018). RCM results can diverge and may both attenuate and amplify the GCM signals (Giorgi et al., 2016).  32 

 33 

Precipitation extremes, particularly on daily and shorter time scales, are projected to increase even for 34 

regions where the mean precipitation is projected to decrease (Ban et al., 2015; Rajczak and Schär, 2017; 35 

Tramblay and Somot, 2018).  36 

 37 

Figure Atlas.59: shows projected changes in maximum and minimum extreme temperature and extreme 38 

precipitation, derived from the CMIP5 subset ensemble (see Section Atlas.3 for details on observations and 39 

model selection). The [preliminary] results show a consistent meridional gradient of changes in heavy 40 

precipitation, with more heavy precipitation days in NEU and a tendency for a reduced frequency in the 41 

southern part of MED. The number of warm nights and warm days is increasing throughout Europe, with 42 

larger changes in southern Europe and along the North Sea and Atlantic coast  (Ouzeau et al. 2016). 43 

 44 

 45 

[START FIGURE ATLAS.59: HERE] 46 

 47 
Figure Atlas.59: Projected changes in maximum and minimum temperature and extreme precipitation from CMIP5 for 48 

the European region, derived from the Interactive Atlas. (a-c) Daily rainfall amount corresponding to 49 
the 95th percentile (P95, in mm/day) defining ‘very wet days’ for (a) the observational reference 50 
(EWEMBI) and (b) the CMIP5 subset (ensemble mean), for the reference period 1986–2005. (c) 51 
Relative change in frequency of very wet days (days exceeding the P95 threshold) for the future 52 
2081–2100 period (RCP8.5). Similar results in (d–f) and (g–i) for absolute daily minimum and 53 
maximum temperature corresponding to the 90th percentile (P90, defining ‘warm nights’ and ‘warm 54 
days’, respectively) and the corresponding changes in frequency for the 2081–2100 period (RCP8.5). 55 
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The corresponding results for the EURO-CORDEX dataset, as well as similar analysis for other 1 
indices, are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 2 

 3 

[END FIGURE ATLAS.59: HERE] 4 

 5 

 6 

Figure Atlas.60: shows results for the climate change response for land grid points in northern European in 7 

winter and in southern European in summer for a number of precipitation indices, for different global mean 8 

warming levels. A clear positive precipitation response is visible in winter for northern European at 3 9 

warming levels, both for mean precipitation and the mean wet-day precipitation and extreme precipitation. In 10 

southern European in summer, more land area is experiencing reductions of mean precipitation; in particular, 11 

the number of wet days is reduced and the number of consecutive dry days increased. [Placeholder for 12 

further analysis in the SOD]. 13 

 14 

 15 

[START FIGURE ATLAS.60: HERE] 16 

 17 
Figure Atlas.60: [Placeholder for analysis to be carried out with the climate4R hub] Probability distribution functions 18 

of land fraction experiencing a certain change, compared to the reference period, for some 19 
precipitation indices under 1.5°C (black), 2°C (blue), and 3°C (red) of global mean warming, 20 
respectively. First column refers to NEU in DJF and second column to SEU in JJA. Results are shown 21 
as median (thick lines) and interquantile range (thin lines) of the individual RCMs’ probability 22 
distribution functions. Units are standard deviation of the 30-year (1981–2010) time series of the 23 
index. (From Dosio and Fischer, 2017) 24 

 25 

[END FIGURE ATLAS.60: HERE] 26 

 27 

 28 

For a large part of the European continent, inconsistent climate change signals between GCMs and RCMs is 29 

shown for surface shortwave radiation (Bartók et al., 2017; Gutiérrez et al.), surface temperature and 30 

precipitation (Boé et al. in prep.; Fernández et al., 2018; Sørland et al., 2018). This is especially true for the 31 

summer season in which RCM ensembles warm and dry significantly less than their corresponding driving 32 

GCM ensemble. It is unclear yet if RCMs or GCMs are the more reliable sources of information for large-33 

scale climate change over Europe. Some authors claim that RCMs are more realistic because having a 34 

smaller bias for the present climate (Sørland et al., 2018), or better cloud representation (Bartók et al., 2017). 35 

Other authors claim that GCMs are more reliable due to representation of aerosol forcing and air-sea 36 

coupling that is missing in many RCMs (Boé et al. in prep.; Gutiérrez et al. in prep.). 37 

 38 

Multi-model ensembles of ocean-atmosphere coupled RCSM-based climate change projections within Med-39 

CORDEX and the Baltic and North Seas now allow climate change assessments for air-sea fluxes and ocean 40 

variables there while taking into account various sources of uncertainty. Darmaraki et al. (2019) used an 41 

ensemble of five fully coupled RCSMs and a total of 11 projections to assess the future evolution of the 42 

Mediterranean SST and related marine heatwaves at high resolution. By the end of the 21st century and 43 

under RCP8.5, Mediterranean extreme SSTs (99th daily percentile) are expected to rise by 3.6°C, 44 

significantly more than the annual mean SST increase (3.1°C). Despite different methodologies and time 45 

periods, it is likely that Med-CORDEX RCSM and CMIP5 GCM results agree well on the Mediterranean 46 

SST warming rate (Darmaraki et al., 2019; Mariotti et al., 2015). Similarly, an ensemble with one coupled 47 

atmosphere-ocean-ice RCM for the Baltic Sea and the North Sea downscaling five different GCMs show that 48 

both seas undergo warming, strong freshening and, for some simulations, changes in the circulation as 49 

regional warming continues (Gröger et al., 2015). For the same model ensemble, (Dietrich et al., 2019) found 50 

spatially non-uniform changes in air-sea interaction over the North Sea indicating the importance of 51 

simulating the coupled system. 52 

 53 

By 2100 and under RCP8.5, RCSM simulations project an average annual increase in the frequency, length 54 

and intensity of long-lasting marine heatwaves compared to the present-day climatology (Darmaraki et al., 55 

2019). Their evolution is found to be mainly due to an increase in the mean SST but increased daily SST 56 

http://ipcc-atlas.ifca.es/
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variability also plays a noticeable role.  1 

 2 

 3 

Many studies have assessed the potential local-to-regional impacts of altered climate conditions over Europe. 4 

For instance, increasing precipitation over Norway is projected to lead to increases in local flooding 5 

magnitudes (Hanssen-Bauer et al., 2017). Other studies include the assessment of solar power (Gutiérrez et 6 

al. in prep.), the robustness of temperature and precipitation impacts, increases in the frequency of the low-7 

level jet off the Iberian coast (Cardoso et al., 2016) and drought increases over the Czech Republic. Record 8 

future daily temperature  are projected to increase over France (Bador et al., 2017) with surface daily 9 

maximum temperatures above 50°C. Increased temperature extremes are expected to occur as the world 10 

crosses the 1.5 and 2C thresholds of global mean warming (Jacob et al., 2018; Teichmann et al., 2018; 11 

Vautard et al., 2013). 12 

 13 

 14 

Atlas.5.6.3.3 New experimental designs, particularly those involving CPMs: time slice simulations, 15 

surrogate warming experiments 16 

 17 

Although still in its infancy, climate change modeling at convection-permitting scales holds great promise. 18 

The CORDEX Flagship Program is creating a first-of-its-kind ensemble of climate experiments using 19 

convection-permitting models for the extended alpine domain (Coppola et al., 2018). Initial indications are 20 

that it substantially improves projections, in particular for precipitation on daily and shorter time scales 21 

(Kendon et al., 2016). Due to their computational cost, future CPRCM simulations are usually time slice 22 

experiments. Approaches to generate representative lateral boundary forcing capturing the spread of GCM 23 

projections are under continuous development (Dai et al., 2017). Work is also under way to combine the best 24 

of dynamical and statistical approaches (Sun et al., 2015; Walton et al., 2015). A number of techniques exists 25 

to produce scenarios of future, unprecedented weather events that may assist in enriching the visualization of 26 

climate change characteristics. Attema et al. (2014) and Lenderink et al. (2019) have applied a so-called 27 

"surrogate warming experiment" in which a recent episode of weather conditions, captured in a limited-area 28 

NWP model, is placed in a warmer world by repeating the NWP simulation with elevated temperatures in the 29 

boundary and initial conditions. 30 

 31 

 32 

Atlas.5.6.3.4 National climate change scenario's, their method of aggregating climate projections, and the 33 

fit-for-purpose to assess climate change impacts 34 

 35 

Many European countries have a national climate change assessments, each with its own method of 36 

aggregating and presenting climate projections (Table Atlas.21:). Most national programs utilize global and 37 

regional climate model output collected in programs such as CMIP5, PRUDENCE, ENSEMBLES and 38 

CORDEX. In some cases, these model results are transferred into quantitative information on regional 39 

climate change features, in others they are used to serve as benchmark for a national resource to generate this 40 

quantitative information. For example, Klima-i-Norge 2100 in Norway downscales and assesses a 10-41 

member subset of the Euro-CORDEX ensemble (Hanssen-Bauer et al., 2017) while in Sweden a large 42 

ensemble of GCM simulations and scenarios downscaled by a single (national) regional climate model are 43 

evaluated (Kjellström et al., 2016). For climate change impact studies and work with adaptation to climate 44 

change, bias adjustment and further downscaling to high resolution (4 × 4 km) with empirical methods have 45 

been employed to tailor model output to the user’s needs. The French national climate change assessment 46 

(Ouzeau et al. 2016) and related web services – such as the DRIAS service (Lémond et al., 2011) – are based 47 

on the 12-km Euro-CORDEX projection simulations available at that time. Similarly, the Spanish National 48 

Adaptation Plan (Escenarios-PNACC 2017) is based on the high-resolution Euro-CORDEX dataset, and 49 

includes as well statistical downscaled data for hundreds of stations using several downscaling methods 50 

(Sánchez et al., 2017). In the Netherlands, van den Hurk et al. (2014) aggregated 245 CMIP5 projections into 51 

four discrete storylines with different large-scale climatic drivers, allowing for a comprehensive societal 52 

impact assessment of a wide variety of regional climate change features. 53 

 54 

A trans-European evaluation and intercomparison of the different approaches, assumptions, their 55 
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implications and potential inconsistencies has yet to be performed. 1 

 2 

 3 

[START TABLE ATLAS.21 HERE] 4 

 5 
Table Atlas.21: Overview of national climate change assessments 6 

Country Reference Period Time Horizons RCPs or Emissions 

Scenarios 

Austria (2015)a 1971-2000 2021–2050, 2071–2100 RCP4.5, RCP8.5 

Belgium (2015)b Not defined explicitly 30, 50 and 100 years ahead Low, medium, high (RCP4.5 

and RCP8.5 used) 

Denmark (2014)c 1986–2005 2046–2065, 2081–2100 RCP2.6, RCP4.5, RCP6.0, 

RCP8.5 

Finland (2016)d    

France (2014?)e 1976–2005 2021–2050, 2041–2070, 2071–

2100 

RCP 2.6, RCP4.5, RCP8.5 

Germany (2015)f 1961–1990 2021–2050, 2071–2100 Range of models (A1B 

model runs used) 

Ireland (2018)g 1971–2000 2021–2050, 2071–2100 RCP2.6 and RCP8.5 (also 

runs for RCP4.5 used) 

Netherlands (2014)h 1981–2010 Around 2030, 2050, 2085 4 based on range of change 

of global temperature + 

circulation (runs for 

RCP4.5–8.5 used) 

Norway (2017)i 1971–2000 2031–2060, 2071–2100 RCP4.5, RCP8.5 

Portugal (2015?)j 1971–2000 2011–2040, 2041–2070, 2071–

2100 

RCP4.5, RCP8.5 

Spain (2017)k 1971–2000 2011–2040, 2041–2070, 2071–

2100 

RCP4.5, RCP8.5 (additional 

scenarios and periods for 

statistical downscaling) 

Sweden (2014)l 1971–2000  2011–2040, 2041–2070, 2071–

2100 

RCP2.6, RCP4.5, RCP8.5 

(A1B) 

Switzerland (2018)m 1981–2010 2020–2049, 2045–2074, 2070–

2099 

RCP2.6, RCP4.5, RCP8.5 

United Kingdom (2018)n 1981–2010, 1961–1990 2020–2039 to 2080–2099 

(subsequent 20-year periods) 

RCP2.6, RCP4.5, RCP6.0, 

RCP8.5 

Notes: 7 
(a) www.bmlfuw.gv.at/umwelt/klimaschutz/klimapolitik_national/anpassungsstrategie/klimaszenarien.html 8 
(b) www.kuleuven.be/hydr/cci/CCI-HYDR_rp.htm  9 
(c) www.dmi.dk/fileadmin/user_upload/Rapporter/DKC/2014/Klimaforandringer_dmi.pdf  10 
(d) www.geophysica.fi/pdf/geophysica_2016_51_1-2_017_ruosteenoja.pdf  11 
(e) www.drias-climat.fr/decouverte 12 
(f) www.kliwas.de  13 
(g) www.epa.ie/pubs/reports/research/climate/Research_Report_244.pdf  14 
(h) www.climatescenarios.nl  15 
(i) klimaservicesenter.no/faces/desktop/scenarios.xhtml  16 
(j) portaldoclima.pt/en 17 
(k) escenarios.adaptecca.es, www.aemet.es/es/serviciosclimaticos/cambio_climat 18 
(l) www.smhi.se/en/climate/climate-scenarios  19 
(m) www.meteoswiss.admin.ch/home/latest-news/news/climate-scenarios-ch2018.html  20 
(n) www.metoffice.gov.uk/research/collaboration/ukcp  21 
 22 

[END TABLE ATLAS.21 HERE] 23 

 24 

 25 

 26 

http://www.bmlfuw.gv.at/umwelt/klimaschutz/klimapolitik_national/anpassungsstrategie/klimaszenarien.html
http://www.kuleuven.be/hydr/cci/CCI-HYDR_rp.htm
http://www.dmi.dk/fileadmin/user_upload/Rapporter/DKC/2014/Klimaforandringer_dmi.pdf
http://www.geophysica.fi/pdf/geophysica_2016_51_1-2_017_ruosteenoja.pdf
http://www.drias-climat.fr/decouverte
http://www.kliwas.de/
http://www.epa.ie/pubs/reports/research/climate/Research_Report_244.pdf
http://www.climatescenarios.nl/
https://klimaservicesenter.no/faces/desktop/scenarios.xhtml
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Atlas.5.7 North America 1 

 2 

Climate of North America 3 

 4 

The climate of North America is characterized by diverse spatial and temporal scales and variabilities. North 5 

America is generally well covered by the observational network and used as a test-bed for varieties of 6 

climate model intercomparison projects. However, most of the global climate models do suffer severe biases 7 

including simulation of Low-Level Jet, diurnal convection, hurricane, meso-scale convective systems. These 8 

model biases have limited our understanding of the mechanisms responsible for climate change and its 9 

impact based on global climate models. Therefore, different types of regional climate models have been 10 

developed and used for climate change research. In this subsection on North America, the Atlas specifically 11 

focuses on reviewing CORDEX and related literature on North America. It builds and expands on to 12 

complement the assessment of Chapter 11 on extremes, the assessment of relevant hazards in Chapter 12 and 13 

information on observed and other aspects of projected changes in the climate system in other WGI chapters 14 

whilst taking into consideration the work of the WGII regional chapter. The Interactive Atlas then presents 15 

the different regional information that has been assessed in these chapters and in the CORDEX literature 16 

assessed in the Atlas, including the different climate variables and indices, and climate processes and how 17 

these are evaluated and analysed.  18 

 19 

In AR5 assessment, regional aspects of North American climate change were reviewed in WGI and WGII. In 20 

summary, some of the climate change features over North America have been attributed to anthropogenic 21 

causes with very high or high confidence, such as severe heat, heavy precipitation, declining snowpack, 22 

temperature related stress on ecosystem and crop yields. However, human health impact from extreme 23 

climate events have been observed without confirmation on attribution of its cause to climate change related 24 

trends.  25 

 26 

 27 

Atlas.5.7.1 Observations, trends and attribution 28 

 29 

It is likely that North American has experienced both warming temperature and a general increase in 30 

precipitation in the 20th and early 21st century. For example, the annual mean temperature and the annual 31 

total rainfall have increased over the contiguous United States of America (USA) (Figure Atlas.61:). At the 32 

same time, extreme climate conditions, such as heavy precipitation has increased in the 20th century (Figure 33 

Atlas.62: and heat stress during summer season has also increased throughout different reanalyses though 34 

areas of significant change (stippled) do vary across these datasets (Figure Atlas.63:). This increase in 35 

extreme hot days is accompanied by observed decreases in frost days over much of North America. There 36 

are regional contrasts in terms of where these observed changes stand out. For example, the eastern USA and 37 

Pacific Northwest have received more rainfall than the rest of North America in the past.  38 

 39 

 40 

[START FIGURE ATLAS.61: HERE] 41 

 42 
Figure Atlas.61: (a) Annual averaged temperature for the continental USA. The linear trend for the entire period is 43 

0.06°C per decade. The linear trend for the 1950–2006 period is 0.15°C per decade and for the 1970–44 
2006 period is 0.31°C per decade. (b) Annual total precipitation for the continental USA, 1901–2006. 45 
The linear trend during the 1901–2006 period is 4.5 mm per decade and is 12.1 mm per decade for the 46 
1950–2006 period. The smoothed black lines were generated with a 13-point binomial filter. (Figure 1 47 
of Easterling et al. (2007)) 48 

 49 

[END FIGURE ATLAS.61: HERE] 50 

 51 

 52 

[START FIGURE ATLAS.62: HERE] 53 

 54 
Figure Atlas.62: Time series (1895–2008) of national average heavy precipitation event index (HPEI) for the entire 55 

year (annual, black) for August through October (ASO, blue), and for heavy events associated with 56 
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tropical cyclones (TC, red). The HPEI is normalized such that the annual time series averages 1.0. The 1 
values for other periods indicate the fractional contribution of that season to the total (Figure 1 of 2 
Kunkel et al. (2016)) 3 

 4 

[END FIGURE ATLAS.62: HERE] 5 

 6 

 7 

[START FIGURE ATLAS.63: HERE] 8 

 9 
Figure Atlas.63: Trends (in ºC/decade) in reanalyses maximum Heat Index (HImax). (a) Intermediate time period 10 

trends for NNRA1 and (b) shorter time period trends for six reanalyses (Figure 7 of Grotjahn and 11 
Huynh, 2018) 12 

 13 

[END FIGURE ATLAS.63: HERE] 14 

 15 

 16 

Atlas.5.7.2 Assessment of model performance 17 

 18 

North America can be divided into several characteristic climatic regions (Figure Atlas.64:), which can be 19 

used in evaluation of regional climate model performance (see Figure Atlas.65:, Martynov et al. (2013)). 20 

Regional climate models (RCMs) in CORDEX generally have higher spatial resolution and are expected to 21 

resolve the regional climate information better than GCMs.  22 

 23 

 24 

[START FIGURE ATLAS.64: HERE] 25 

 26 
Figure Atlas.64: Subdomains used in model evaluation over North America (Figure 6 of Martynov et al., 2013).  27 
 28 

[END FIGURE ATLAS.64: HERE] 29 

 30 

 31 

[START FIGURE ATLAS.65: HERE] 32 

 33 
Figure Atlas.65: Interannual correlation coefficients between precipitation and 2-m temperature in CRCM5 simulation 34 

(black bars) and the reference base of ERA-Interim, CRU TS3.10 and UDel for temperature (red 35 
bars), for (a) JJA and (b) DJF. Hollow diamonds show the correlation coefficients between the biases 36 
of simulated precipitation and 2-m temperature values from corresponding reference values. (Figure 7 37 
of Martynov et al., 2013).  38 

 39 

[END FIGURE ATLAS.65: HERE] 40 

 41 

 42 

High-resolution regional climate modelling is important for areas with complex terrain, such as the 43 

Intermountain Region of the western USA between the Cascade-Sierra range and the Rocky Mountains (see 44 

Figure Atlas.66:a). Seasonal cycle of precipitation over the Intermountain Region is a combination of the 45 

annual and the semiannual cycles. The simulated annual cycles are generally too strong, and the winter 46 

precipitation is too large. On the other hand, the semiannual phases are well captured by the regional climate 47 

models in the North American Regional Climate Change Assessment Program (NARCCAP) (Figure 48 

Atlas.66:).  49 

 50 

 51 

[START FIGURE ATLAS.66: HERE] 52 

 53 
Figure Atlas.66: (a) Orography and (b) cold-season rainfall (November–May, from UDEL) of the Intermountain 54 

Region. The major mountain ranges are outlined by redlines. (c) to (g) Monthly rainfall histogram of 55 
UDEL, averaged from the five regions indicated in (b), superimposed with the corresponding 56 
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precipitation of the NARR (thick black line) and all RCMs (coloured lines). Note the precipitation 1 
scale in (c) is twice of that in (d) to (g). The abbreviations of the RCMs and their designated colours 2 
are indicated under (b). (Figure 1 of Wang et al., 2009) 3 

 4 

[END FIGURE ATLAS.66: HERE] 5 

 6 

 7 

Regional climate models also have been used to evaluate for extreme rainfall and temperature. In general, the 8 

annual cycle and spatial patterns of extreme temperature are generally better than those of extreme 9 

precipitation (Figure Atlas.67: and Figure Atlas.68:, respectively). It has been suggested that differences in 10 

physical parameterizations of rainfall could be a contributing factor to such differences in extreme 11 

temperature and precipitation (Whan and Zwiers, 2016). 12 

 13 

 14 

[START FIGURE ATLAS.67: HERE] 15 

 16 
Figure Atlas.67: Average of annual TXx difference from ANUSPLIN+Livneh in (a) CanRCM4, (b) CanRCM4-022, 17 

(c) CanRCM4-noSN, (d) CanRCM4-NCEP2, (e) CRCM5, (f) NARR, (g) ERA-Interim, (h) annual 18 
mean in ANUSPLIN + Livneh. Stippling in (a) to (g) indicates pixels where differences are not 19 
significant at the 5% significance level from a Student’s t-test. (Figure 3 of Whan and Zwiers, 2016) 20 

 21 

[END FIGURE ATLAS.67: HERE] 22 

 23 

 24 

[START FIGURE ATLAS.68: HERE] 25 

 26 
Figure Atlas.68: Averages of annual Rx5day difference from ANUSPLIN + Livneh in (a) CanRCM4, (b) CanRCM4-27 

022, (c) CanRCM4-noSN, (d) CanRCM4-NCEP2, (e) CRCM5, (f) NARR, (g) ERA-Interim, (h) 28 
annual mean in ANUSPLIN + Livneh. Stippling in (a) to (g) indicates pixels where differences are not 29 
significant at the 5% significance level from a Student’s t-test. (Figure 9 of Whan and Zwiers, 2016) 30 

 31 

[END FIGURE ATLAS.68: HERE] 32 

 33 

 34 

Atlas.5.7.3 Assessment of projections 35 

 36 

Figure Atlas.69: shows the projected change in the mean 2-m temperature between periods 2071–2100 and 37 

1981–2010, for DJF (a–d) and JJA (e–h), in the CRCM5 simulations (left) and the corresponding CGCM 38 

simulations (right). Generally, regional climate modelling simulations with CRCM5 are similar to those with 39 

CGCM, i.e. the latter being the dominant factor in the projections. Nevertheless, in terms of precipitation, 40 

there still exist differences between regional climate model and global climate model simulations (see Figure 41 

Atlas.70:).  42 

 43 

 44 

[START FIGURE ATLAS.69: HERE] 45 

 46 
Figure Atlas.69: Changes in the DJF (a–d) and JJA (e–h) average 2-m temperature in the period of 2071–2100 47 

compared to 1981–2010, for CRCM-Can (a, e), CanESM2 (b, f), CRCM-MPI (c, g) and MIP-ESM-48 
LR (d, h) (Figure 14 of Šeparović et al., 2013). 49 

 50 

[END FIGURE ATLAS.69 HERE] 51 

 52 

 53 

[START FIGURE ATLAS.70: HERE] 54 

 55 
Figure Atlas.70: Same as Figure Atlas.69: but for precipitation (Figure 15 of Šeparović et al., 2013) 56 
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 1 

[END FIGURE ATLAS.70 HERE] 2 

 3 

 4 

Due to their higher spatial resolution, RCMs are used to provide more complex regional climate projections. 5 

One example is the simulation of Rain-On-Snow events (ROS), which have serious impacts on various 6 

sectors through hazards such as floods (e.g. Putkonen and Roe (2003)). ROS is likely to decrease due to 7 

reducing snowfall and snow cover, but to increase due to increasing rainfall days under warmer climate (Il 8 

Jeong and Sushama, 2018). Projected changes to the number of ROS days show similar spatial patterns with 9 

those of ROS amount. Generally ROS runoff for January–May is projected to decrease due to decreasing 10 

Snow Water Equivalent (SWE) in the future. However, the range between the minimum and the maximum 11 

indicates uncertainty in projections (see Figure Atlas.71:). 12 

 13 

 14 

[START FIGURE ATLAS.71: HERE] 15 

 16 
Figure Atlas.71: Ensemble-averaged values of three ROS characteristics for the January–May months for the current 17 

(1976–2005) period (first column) and minimum, mean, and maximum projected changes (%) to the 18 
characteristics for the future (2041–2070) period (second–forth columns), based on the three current 19 
and six future RCM-GCM simulations, respectively. Zonally averaged values of projected changes to 20 
the three characteristics are also shown in fifth column (Figure 8 of Il Jeong and Sushama, 2018).  21 

 22 

[END FIGURE ATLAS.71 HERE] 23 

 24 

 25 

0 shows projected changes in high and low extreme temperature and extreme precipitation, derived from the 26 

subset of CMIP5 ensemble (left column) along with the 20th century mean (1986–2005) of the observation 27 

and that of the CMIP5 for validation. The [preliminary] results show (i) increasing heavy precipitation along 28 

coastal regions, (ii) overall increasing number of warm nights and warm days throughout North America, 29 

with larger changes in southern and central North America except over mountainous regions.  30 

 31 

 32 

[START FIGURE ATLAS.72 HERE] 33 

 34 
Figure Atlas.72:  (a–c) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 35 

days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5 subset (ensemble mean), for 36 
the reference period 1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 37 
period (RCP8.5) defined as exceeding the historical P95 threshold (results shown as relative change, 38 
%). Similar results in (d–f) and (g–i) for absolute daily minimum and maximum temperature amounts 39 
corresponding to the 90th percentile (P90, defining ‘warm nights’ and ‘warm days’, respectively) and 40 
the corresponding changes in frequency for the future 2081–2100 period (RCP8.5) defined as 41 
exceeding the historical P90 threshold (results shown as relative change, %). Similar analysis for other 42 
indices and scenarios (including warming levels) are available at the Interactive Atlas (http://ipcc-43 
atlas.ifca.es). 44 

 45 

[END FIGURE ATLAS.72 HERE] 46 

 47 

 48 

Atlas.5.8 Small Islands 49 

 50 

[Material will be added into this section from identified but not yet active Contributing Authors in the SOD.] 51 

 52 

Atlas.5.8.1 Observations, trends and attribution 53 

 54 

Atlas.5.8.2 Assessment of model performance 55 

 56 

http://ipcc-atlas.ifca.es/
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 1 

Atlas.5.8.3 Assessment of projections 2 

 3 

Atlas.5.9  Oceans 4 

 5 

[Material will be added into this section from identified but not yet active Contributing Authors in the SOD.] 6 

 7 

Atlas.5.9.1 Observations, trends and attribution 8 

 9 

 10 

Atlas.5.9.2 Assessment of model performance 11 

 12 

 13 

Atlas.5.9.3 Assessment of projections 14 

 15 

 16 

Atlas.5.10 Polar regions 17 

 18 

Atlas.5.10.1 Arctic 19 

 20 

The Arctic has polar climate which is governed by mid-latitude atmospheric circulation, baroclinicity at the 21 

polar front, the planetary wave meanders of the Jetstream and blocking highs. The Arctic temperatures have 22 

increased from the mid-1950s to 2017, and in particular during winter (October–May) (Box et al., 2019). The 23 

potential for Arctic climate to change due to increased greenhouse gases was established in modelling in the 24 

1980s (Manabe and Stouffer, 1980) and clearly demonstrated in more recent observational studies (Serreze 25 

et al., 2000). A number of physical processes contribute to amplified Arctic temperature variations as 26 

compared to the global temperature in particular surface albedo feedbacks and sea-ice extent (Screen and 27 

Simmonds, 2010). 28 

 29 

 30 

Atlas.5.10.1.1 Assessment of observations, trends and attribution 31 

 32 

The findings of the most recent IPCC reports, AR5 and SR1.5, put current Arctic temperatures in to a 33 

millennial context. A recent multi-proxy 2000-year Arctic temperature reconstruction shows that 34 

temperatures during the first centuries were comparable or even higher than during the 20th century 35 

(Consortium et al., 2013; Hanhijärvi et al., 2013). During the Medieval Climate Anomaly (MCA; around 36 

950AD–1400AD), portions of the Arctic and sub-Arctic experienced periods warmer than any subsequent 37 

period, except for the most recent 50 years (Kaufman et al., 2009; Kobashi et al., 2010, 2011; Spielhagen et 38 

al., 2011; Vinther et al., 2010). Tingley and Huybers (2013) provided a statistical analysis of northern high-39 

latitude temperature reconstructions back to 1400 and found that recent extreme hot summers are 40 

unprecedented over this time span. Marine proxy records indicate anomalously high SSTs north of Iceland 41 

and the Norwegian Sea from 900 to 1300, followed by a generally colder period that ended in the early 20th 42 

century. Modern SSTs in this region may still be lower than the warmest intervals of the 900–1300 period 43 

(Cunningham et al., 2013). Further north, in Fram Strait, modern SSTs from Atlantic Water appear warmer 44 

than those reconstructed from foraminifera for any prior period of the last 2000 years. It is therefore assessed 45 

that despite the uncertainties, there is sufficiently strong evidence that it is likely that there has been an 46 

anthropogenic contribution to the very substantial warming in Arctic land surface temperatures over the past 47 

50 years. 48 

 49 

It appears that recent Arctic changes are in response to a combination of global-scale warming, from warm 50 

anomalies from internal climate variability on different time scales, and are amplified from multiple 51 

feedbacks. For example, when the 2007 sea ice minimum occurred, Arctic temperatures had been rising and 52 

sea ice extent had been decreasing over the previous two decades (Screen and Simmonds, 2010; Stroeve et 53 

al., 2007). Further, the Arctic-wide increases of temperature in the last decade contrast with the episodic 54 
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regional increases in the early 20th century, suggesting that it is unlikely that recent increases are due to the 1 

same primary climate process as the early 20th century. 2 

 3 

The Arctic has warmed at more than twice the global rate over the past 50 years (Box et al., 2019). The 4 

greatest increase of more than 2°C since 1960 occurred during the cold season. However, Chung et al. (2013) 5 

estimated that the 1979–2011 domain-average air surface temperature for the 70°N–90°N region showed a 6 

clear warming trend, both for annual and seasonal means. On the Arctic scale, Matthes et al. (2015) showed 7 

widespread decreases in extreme cold spells, although there are small areas of statistically significant 8 

increases in cold spells in Siberia. Changes in extreme warm spells were found to be generally small 9 

throughout the Arctic except in Scandinavia, where increases of up to 2.5 days per decade have occurred. 10 

Long cold spells (cold events lasting more than 15 days) have almost completely disappeared since 2000 11 

(Arctic Monitoring and Assessment Programme, 2017). Further, above 64°N the satellite-observed rate of 12 

warming since 1981 was ~0.60 ± 0.07ºC per decade in the Arctic. The trend in temperature over sea ice 13 

covered regions was estimated to be 0.47ºC per decade (very likely between 0.37°C and 0.57ºC per decade at 14 

90% confidence level), whereas the trend was significantly higher at 0.77ºC per decade (very likely between 15 

0.60°C and 0.94ºC per decade) over Greenland (Comiso and Hall, 2014). Graham et al. (2017) estimated a 16 

positive trend from 1980 to 2016 in the maximum winter 2-m air temperature of 0.70°C per decade at the 17 

North Pole, but smaller than the mean winter trend of 1.27ºC per decade. There was a positive trend in the 18 

overall duration of winter warming events (T2m > −10°C) for both the North Pole region (4.25 days per 19 

decade) and Pacific Central Arctic (1.16 days per decade), due to an increased number of events of longer 20 

duration. In the permafrost region of the Northern Hemisphere annual air temperatures showed trends of 21 

0.13ºC per decade for 1901–2014, 0.40ºC per decade for 1979–2014, and 0.32ºC per decade during the 22 

period 1998–2014. Winter air temperatures showed the greatest increase during 1901–2014, while autumn 23 

air temperatures increased the most during 1979–2014. Regarding trends in cold spells during winter and 24 

summer a widespread decrease occurred of up to −4 days per decade (Matthes et al., 2015a). Changes in 25 

warm spells are mostly small throughout the Arctic less than ± 1 day per decade and statistically not 26 

significant.  27 

 28 

Observational records (1966–2010) from 517 historical Russian surface weather stations over northern 29 

Eurasia exanimated changing precipitation characteristics (Ye et al., 2016) providing numbers and 30 

geographical distribution of mean seasonal precipitation total, frequency, and intensity. Higher precipitation 31 

intensity but lower frequency and little change in annual precipitation total occurred. Positive trend in 32 

precipitation intensity in all seasons, strongest in winter and spring, weakest in summer were observed. 33 

Precipitation intensity increased at a rate of about 1–3% per each degree of air temperature increase. Further, 34 

precipitation frequency shows predominantly decreasing trend in the majority of stations for all seasons. In 35 

the present-day climate, the mean annual precipitation in the Arctic (70°N–90°N) is dominated by snowfall, 36 

with 65 ± 5 % of precipitation currently falling in solid form (this model-mean value compares favourably to 37 

the 68 ± 2 % as evaluated from the observationally driven JRA-55 reanalysis) (Bintanja and Andry, 2017). A 38 

type of extreme event with major impact in the Arctic is freezing rain, or rain-on-snow events. For example, 39 

Hansen et al. (2014) examined the recent occurrence of such events in Svalbard and concluded that the 40 

frequency of rain-on-snow events is likely to increase in the Arctic (Arctic Monitoring and Assessment 41 

Programme, 2017). Further, Groisman et al. (2016) provided a long-term climatology of freezing rain and 42 

freezing drizzle events for the past four decades, and assessed changes in the frequency and intensity of these 43 

events (e.g. by comparing the 2005–2014 period to the previous 30-year baseline period). In North America 44 

north of the Arctic Circle, it was found to increase by about 1 day/yr. Over Norway, freezing rain 45 

occurrences increased substantially, especially in the Norwegian Arctic. In European Russia and western 46 

Siberia, the frequency of freezing rain somewhat increased (except the southernmost steppe regions and the 47 

Arctic regions). The contribution of heavy daily precipitation amounts to the total precipitation has increased 48 

over Fennoscandia since 1950 (Hartmann et al., 2013).  49 

 50 

 51 

Atlas.5.10.1.2 Assessments of model performance 52 

 53 

HIRHAM5 RCM can generally reproduce the temporal and spatial variation of the temperature, although a 54 

systematic cold bias of around −2°C exists in all seasons (Zhou et al., 2019). Further, the model reproduces 55 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-92 Total pages: 242 

the observed warming trend over the entire Arctic, which is more obvious in DJF, MAM, and SON. The 1 

temporal evolution of the simulated Arctic warming trends (in the 11-year moving windows) are highly 2 

consistent with observations. The spatial distributions of trends in all seasons are in good agreement, with 3 

most pronounced warming trends detected over the Arctic Ocean. Matthes et al. (2015b) emphasized based 4 

on HIRHAM RCM that the winter temperature biases mainly are negative with a maximum of −10°C. 5 

Localized positive biases occur over Central and Eastern Siberia, parts of Alaska, and the Scandinavian 6 

Coast having a maximum of 7.5°C. During summer, biases range from −7°C to 1°C. Only few single stations 7 

show positive biases, where in general, the biases were negative. In addition, the CCLM RCM simulated 8 

high spatial and temporal variability of the winter 2-m air temperature increased in the Arctic in agreement 9 

with reanalyses (ASR and ERA-I) (Kohnemann et al., 2017). The maximum warming occurs in the Kara and 10 

Barents Sea between March 2003 and 2012 and is responsible for up to a 20°C increase. February and March 11 

are the months with the highest 2-m air temperature increase of almost 5°C for 2002/2003–2011/2012, 12 

averaged over the ocean and sea ice area north of 70°N. Taking only the ocean areas into account, the RMS 13 

error is smaller in the down scaling of CMIP5 then in GCMs in all seasons (Koenigk and Berg, 2015). In 14 

winter, the RCA bias is smaller over the Arctic Ocean than in the GCMs, which are substantially colder than 15 

 16 

ERA-I. In spring and autumn, RCA has a small positive temperature bias (1°C–2°C) over the Arctic Ocean, 17 

where in summer, both regional and global simulations are about 1°C colder than ERA-I. Over land, RCA is 18 

too cold in both spring and summer. On Figure Atlas.73:, for example, the CMIP5 minimum and maximum 19 

temperatures are shown together with observations for the reference period. The relative change in warm 20 

nights and days illustrating the greatest change in frequency for the future 2081–2100 (RCP8.5) of more than 21 

60% around Svalbard and the Barents Sea is also depicted. 22 

 23 

 24 

[START FIGURE ATLAS.73 HERE] 25 

 26 
Figure Atlas.73: (a–c) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 27 

days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset (ensemble mean), for 28 
the reference period 1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 29 
period (RCP8.5) defined as exceeding the historical P95 threshold (results shown as relative change, 30 
%). Similar results in (d–f) and (g–i) for absolute daily minimum and maximum temperature amounts 31 
corresponding to the 90th percentile (P90, defining ‘warm nights’ and ‘warm days’, respectively) and 32 
the corresponding changes in frequency for the future 2081–2100 period (RCP8.5) defined as 33 
exceeding the historical P90 threshold (results shown as relative change, %). Similar analysis for other 34 
indices and scenarios (including warming levels) are available at the Interactive Atlas (http://ipcc-35 
atlas.ifca.es). 36 

 37 

[END FIGURE ATLAS.73 HERE] 38 

 39 

 40 

Simulated annual mean precipitation (1986–2005) agrees well with the observed precipitation maximum 41 

over the Greenland Sea and the Norwegian Sea (Kusunoki et al., 2015). The regional average annual 42 

precipitation according to the model is 1.1 mm, which is larger than the observed value of 0.88 mm. This 43 

positive bias of 22% is partly due to model overestimates of precipitation in the North Pole region, where 44 

observations show a local minimum. The spatial correlation coefficient between observations and 45 

simulations is as high as 0.84. Excessive precipitation over Alaska and the western Arctic is consistent with 46 

the results of Kattsov et al. (2007), but in this later study the bias over the eastern Arctic and the 47 

Norwegian/Barents Sea region is opposite to the results of Kattsov et al. (2007). These differences in the bias 48 

distribution can be attributed to differences in used models and in the time periods of the analyses. As an 49 

example on Figure Atlas.73: to emphasize the variability in precipitation within the Arctic region, the 95th 50 

percentile (P95, in mm/day) CMIP5_subset (ensemble mean; 1986–2005) was compared to observed P95 51 

intensity, indicating reasonable similarities.  52 

 53 

Intense precipitation (SDII; Simple Daily Precipitation Intensity Index, defined as the total annual 54 

precipitation divided by the number of rainy days (precipitation ≥ 1 mm/day)) simulations reproduce the 55 

intense precipitation over the Greenland Sea, but underestimates precipitation over other regions. Arctic 56 

http://ipcc-atlas.ifca.es/
http://ipcc-atlas.ifca.es/
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average SDII from the model is 8% smaller than the observed value, which originates from the overestimate 1 

of the number of rainy days, indicating that the model tends to predict too many weak rainfall events. Spatial 2 

correlation coefficient between observations and the simulation is as low as 0.68. Further, the model 3 

reproduces the observed R5d (maximum 5-day precipitation total) distribution reasonably well but 4 

overestimates it around Svalbard. The Arctic averaged R5d from the model shows a positive bias of 17%. 5 

The spatial correlation coefficient between observations and the simulation is 0.69. Boisvert et al. (2018) 6 

compared precipitation estimates from eight widely used atmospheric reanalyses over the period 2000–2016 7 

for the Arctic Ocean finding that the magnitude, frequency, and phase of precipitation vary drastically, 8 

although interannual variability is similar.  9 

 10 

CMIP5 models perform well in simulating twentieth-century snowfall, although there is a positive bias in the 11 

multi-model ensemble relative to the observed data in many regions (Krasting et al., 2013). Cold bias 12 

contributes to the positive snowfall bias. Lack of spatial resolution in the model topography has a serious 13 

impact on the simulation of snowfall. The patterns of relative maxima and minima of snowfall, however, are 14 

captured reasonably well by the models. The magnitude of annual snowfall is in better agreement over the 15 

eastern half of North America (coincides with the relatively flat terrain and a higher density of stations to 16 

capture the regional variations of snowfall), while the largest absolute errors are found in the western part of 17 

the continent (consistent with the coarse representation of the Rocky Mountains in the models as well as with 18 

biases that may be present in the observational data) (Krasting et al., 2013). Over Eurasia, the snowfall 19 

maximum in the central plateau of Siberia is significantly over-simulated by the models by as much as 250–20 

300 cm. 21 

 22 

WRF consistently underestimates extreme precipitation amounts compared to the station observation. scales 23 

and interannual variability for widespread extreme events are roughly equivalent to the observed scales 24 

(Glisan and Gutowski, 2014). With the exception of Canada East, the location of highest average 25 

precipitation was always found in the region favoured for widespread extreme events. Moreover, these 26 

regions were located over higher topography and thus indicated a significant orographic contribution to the 27 

extreme events. 28 

 29 

 30 

Atlas.5.10.1.3 Assessment of projections 31 

 32 

Given plausible increases in GHG concentrations over the next two decades assuming no aggressive 33 

mitigation action, recent modelling studies suggest that average autumn and winter Arctic temperatures 34 

would increase by 4°C by 2040 and 5°C–9°C by late century. Arctic warming exhibits a very pronounced 35 

seasonal cycle, however, with exceptionally strong warming in the winter months up to 14.1 ± 2.9°C in 36 

December and only moderate warming during the summer season (Bintanja and Krikken, 2016). Bintanja 37 

and Van Der Linden (2013) also estimated an Arctic winter warming over the 21st century to exceed the 38 

summer warming by at least a factor of four, irrespective of the magnitude of climate forcing. Arctic summer 39 

warming is surprisingly modest, even after summer sea ice has completely disappeared. Overland et al., 40 

(2004) highlighted the difference between the near-term ‘adaptation timescale’ and the long-term ‘mitigation 41 

timescale’ for the Arctic-wide warming, averaged over 60°N–90°N relative to northern hemisphere changes 42 

for the winter half of the year (November through May). Only in the latter half of the century do the 43 

projections from the RCP4.5 and RCP8.5 emission scenarios noticeably separate. By the end of the century 44 

the warming is approximately twice as large under the higher-emission RCP8.5 scenario, pointing to the 45 

impact of emission reductions with RCP4.5 (Arctic Monitoring and Assessment Programme, 2017). More 46 

specifically under the strong forcing scenario, annual mean surface air temperatures in the Arctic (70°N–47 

90°N) suggest an increase by 8.5 ± 2.1°C (model-mean value and inter-model standard deviation) over the 48 

course of the 21st century (Bintanja and Andry, 2017).  49 

 50 

Future changes in precipitation intensity over the Arctic based on three-member ensemble simulations using 51 

a global atmospheric model with a high horizontal resolution (60-km grid) for the period 1872–2099 (228 52 

years) were estimated (Kusunoki et al., 2015). The annual mean precipitation, the simple daily precipitation 53 

intensity index, and the maximum 5-day precipitation total averaged over the Arctic increased monotonically 54 

towards the end of the 21st century. Further, on Figure Atlas.73: a change in the frequency of very wet days 55 
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for the future 2081–2100 period (RCP8.5) is shown, with values of up to 100%.  1 

 2 

CMIP5 models RCP8.5 and RCP4.5 21st century (2006–2100) simulations however showed a decrease in 3 

average annual Arctic snowfall (70°N–90°N), despite the strong precipitation increase. While total Arctic 4 

precipitation will increase by about 40%, snowfall will actually diminish. According to Krasting et al. (2013) 5 

in the higher-latitude regions, such as Greenland, any decreases in snowfall associated with warming 6 

(CMIP5 for RCP4.5 for 2006–2100) are largely overwhelmed by increases in snowfall related to 7 

precipitation increases. Climate models project that, at the end of the 21st century under strong forcing 8 

(RCP8.5), about 60% of Arctic precipitation could consist of rain; hence, rainfall would become the 9 

dominant form of Arctic precipitation. The reduction in Arctic snowfall is expected to be most pronounced 10 

during summer and autumn when temperatures would be close to the melting point, but also winter rainfall is 11 

projected to intensify considerably. Towards the end of the 21st century (2091–2100), Arctic precipitation is 12 

projected to increase by 50 to 60%. In central Arctic, the snowfall fraction would barely remain larger than 13 

50%, and precipitation would be dominated by rainfall in much of the Arctic. The most dramatic reductions 14 

in snowfall fraction are projected to occur over the North Atlantic and especially the Barents Sea.  15 

 16 

 17 

Atlas.5.10.2 Antarctic 18 

 19 

The current climate in Antarctica and the Southern Ocean is influenced by interactions between the inland 20 

ice sheet, the sea, sea ice, and the atmosphere, and their responses to climate drivers, past and present. The 21 

Southern Hemisphere polar jet entrain low pressure zones that circulate around Antarctica - these transient 22 

weather systems are responsible for transporting moisture into the ice sheet and snowfall formation (King 23 

and Turner, 1997). Snowfall is the largest positive component of the Antarctic surface mass balance, both 24 

exhibiting significant spatial and temporal variability over the ice sheet highlighted by recent observational 25 

and modelling studies (Agosta et al., 2019; Palerme et al., 2014) stressing the importance of high-resolution 26 

representation and physical parameterizations adapted for Antarctica. There is a large discrepancy in the 27 

recent trends of the East (EAIS) and the West Antarctic ice sheet (WAIS) surface mass balance affecting the 28 

total mass balance: EAIS demonstrated an increase in the anomalous snowfall events during the recent two 29 

decades with relatively ice loss, while precipitation over WAIS was not enough to compensate for the 30 

increasing ice mass loss (Boening et al., 2012; King et al., 2012). Rare anomalous snowfall events have an 31 

important contribution to the Antarctic surface mass balance and recent two decades showed an increase in 32 

the number and intensity of such events (Lenaerts et al., 2013) related to the enhanced anomalous moisture 33 

transport and blocking (Gorodetskaya et al., 2014; Schlosser et al., 2010). This is potentially related to the 34 

enhancement of the global hydrological cycle during the last 50 years, as well as changes in the polar jet 35 

stream favouring occasional strong meridional moisture transport. Overall the Antarctic ice sheet has been 36 

losing mass and its contribution to the global sea level has been recently estimated as much as 2,720 ±1,390 37 

billion tons of ice between 1992 and 2017, corresponding to an increase in mean sea level of 7.6 ± 3.9 mm 38 

(IMBIE team, 2018). 39 

 40 

 41 

Atlas.5.10.2.1 Assessment of observations, trends and attribution 42 

 43 

Assessment of Antarctic wide station data since the early 1950s has demonstrated considerable warming 44 

over the Antarctic Peninsula where in the northern and western parts of the Peninsula temperatures have 45 

risen by as much as 0.5°C per decade between 1951 and 2006 (Turner et al., 2014). The temperature record 46 

at Byrd station, West Antarctica has revealed a linear increase in annual temperature between 1958 and 2010 47 

of similar magnitude (2.4 ± 1.2°C) and confirmed existing reports of rapid statistically significant warming 48 

over West Antarctica in recent decades not only in annual and austral winter and spring, but also during 49 

austral summer (Bromwich et al., 2012). A continued increase in temperature could lead to more frequent 50 

and longer duration episodes of surface melt over the West Antarctic Ice Sheet. However, longer time series 51 

of temperature records in the Antarctic Peninsula region have reviled that this significant warming has halted 52 

since the late 1990s (see Figure Atlas.74:), which reflects the strong natural internal variability of this region 53 

and was attributed to a greater frequency of cyclonic conditions in the Weddell sea, resulting in cold, south-54 

easterly winds (Turner et al., 2016). Nevertheless, based on a reconstruction of Antarctic mean near-surface 55 
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temperatures spanning 1958–2012, Nicolas and Bromwich (2014) showed that West Antarctica and the 1 

Antarctic Peninsula have undergone significant annual warming of 0.22 ± 0.12°C per decade and 0.33 ± 2 

0.17°C per decade, respectively (high confidence). However, although the annual warming is of similar 3 

magnitude over both the Antarctic Peninsula and West Antarctica, the seasonality and spatial patterns of the 4 

warming for these two regions differs considerably. Temperature increases are greatest in winter over the 5 

western side, and summer over the eastern side. The results also show a particularly strong difference 6 

between the east and west sides of the Transantarctic mountains during winter and spring (cooling / weak 7 

warming and strong warming, respectively), consistent with the barrier created by the mountains preventing 8 

anomalous maritime air that has penetrated over West Antarctica from reaching East Antarctica where no 9 

significant temperature change was found in 20th century (Nicolas and Bromwich, 2014). But recent 10 

observations from Queen Maud Land, East Antarctica, show that the snowfall increases unprecedented over 11 

the last two millennia and trends in both accumulation and air temperature for period 1998-2016 are 12 

significant and positive: 5.2 ± 3.7% per decade and 1.1 ± 0.7°C per decade, respectively (Medley et al., 13 

2018). In fact, it is the most rapid warming rate in the 21st century in Antarctic (see Figure Atlas.74:). 14 

 15 

Records for the past 300 years from two ice cores drilled in Ellsworth Land, West Antarctica have shown 16 

that annual snow accumulation has increased by around 30% since 1900, and that these increases follow a 17 

200-year period characterised by relatively stable conditions. The increases are linked to changes in regional 18 

and large-scale circulation, particularly a deepening of the Amundsen Sea Low (medium confidence) 19 

(Thomas et al., 2015).  20 

 21 

The recent study on relationship between snowfall and surface mass balance (SMB) using unique collocated 22 

set of ground-based and in situ remote sensing instrumentation (Micro Rain Radar, ceilometer, automatic 23 

weather station, among others) in Dronning Maud Land, East Antarctica has showed that snowfall is not 24 

always associated with accumulation and during 38% snowfall events snow is entirely ablated, while local 25 

accumulation is often associated with freshly fallen snow being transported from the upwind regions 26 

(Souverijns et al., 2018). This is in line with the first estimations of SMB from local precipitation in 27 

comparison to other SMB components during 2012 (statistically normal accumulation year), when only half 28 

of annual snowfall is accumulated with 23% being removed by surface and drifting snow sublimation and 29 

30% by wind erosion and the total annual SMB has been determined by rare strong snowfall events 30 

(Gorodetskaya et al., 2015).  31 

 32 

In overall, a few anomalous precipitation events in East Antarctica, e.g. recorded in 2009 and 2011 and 33 

attributed to atmospheric rivers (long narrow corridors of anomalously high vertically integrated horizontal 34 

moisture transport (Gorodetskaya et al., 2014)), have compensated for the overall Antarctic ice sheet mass 35 

loss dominated by WAIS (Boening et al., 2012; King et al., 2012). Examination of ice core records showed 36 

that anomalies of this magnitude had not occurred in the last 60 or so years, but comparable anomalies of this 37 

size have occurred further back in time (Lenaerts et al., 2013). 38 

 39 

The spatial and temporal distribution of SMB was investigated in the first comprehensive study of a set of 76 40 

firn cores retrieved by various expeditions during the past three decades in East Antarctica (Altnau et al., 41 

2015). In the second half of the 20th century, the SMB had a negative trend in the ice shelf cores, but 42 

increased on the plateau. It was shown that, at the coast, atmospheric dynamic effects are more important 43 

than thermodynamics while on the plateau the temporal variations of SMB and temperature occur mostly in 44 

parallel, and thus can be explained by thermodynamic effects. The Southern Annular Mode (SAM) has 45 

exhibited a positive trend since the mid-1960s, which is assumed to lead to a cooling and drying of East 46 

Antarctica. This was not confirmed by the firn core data. 47 

 48 

Investigated precipitation and synoptic regime for the two contrasting, extreme years 2009 and 2010 at 49 

Dome C, Antarctica have shown that a strongly zonal flow in 2010 led to precipitation and temperature 50 

minima in 2010, whereas strong amplification of Rossby waves with frequent warm air intrusions in 2009 51 

caused high precipitation amounts and new high-temperature records, particularly in winter. This was 52 

associated with a strongly positive (negative) SAM index and (positive) negative zonal wave-number 3 index 53 

in 2010 (2009) (Schlosser et al., 2016). 54 

 55 
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Strong surface melt over the Larsen C ice shelf can occur frequently throughout the dark Antarctic winter, 1 

which from 2015 to 2017 contributed ~23% of annual melt fluxes. The peak wintertime intensities can 2 

exceed summertime values, when the melt energy is mostly provided by solar radiation. The intense winter 3 

surface melt is driven by episodes of warm and dry Foehn winds descending down the leeside of the 4 

Antarctic Peninsula, resulting in sustained surface melt fluxes in excess of 200 W/m2, which are primarily 5 

driven by downward turbulent fluxes of sensible heat (Kuipers Munneke et al., 2018). 6 

 7 

Surface melting of the ice shelves and coastal margins of West Antarctica in recent years is increased due to 8 

increased intrusions of warm marine air onto the ice sheet caused by Amundsen Sea blocking anticyclones 9 

and the negative polarity of the SAM, which are both related to El Nino conditions (Scott et al., 2019).  10 

 11 

 12 

[START FIGURE ATLAS.74: HERE] 13 

 14 
Figure Atlas.74: From Medley et al., 2018. Left: Figure S12 with the annual temperature trends for 1998–2016 at 38 15 

AWS and surface stations from MET-READER (Turner et al., 2004). Right: Figure S3. Bias corrected 16 
MERRA-2 (Bosilovich, 2015) trends based on comparison with the MET-READER database. 17 
Coloured circles show the observed AWS trends from the MET-READER database. The region of 18 
influence for the Kohnen AWS is outlined in red. This confirms that warming is likely occurring 19 
within the red bounds, but that it is likely not as strong as the AWS at Kohnen since the warming is 20 
strongest there. 21 

 22 

[END FIGURE ATLAS.74 HERE] 23 

 24 

 25 

Atlas.5.10.2.2 Assessment of model performance 26 

 27 

Evaluation of the ability of 41 global climate models from the CMIP5 project to simulate the forcing fields 28 

which would have the greatest impact for regional climate models has demonstrated that fewer than ten 29 

models show reasonable biases (Agosta et al., 2015). The rates of precipitation accumulation and air 30 

temperature change were underestimated by an ensemble of global climate models, suggesting that 31 

projections of the contribution of Queen Maud Land to sea level rise are underestimated, as is also the 32 

mitigating impact of enhanced snowfall (Medley et al., 2018). 33 

 34 

Regional climate model studies were used to demonstrate that the record high surface temperatures at 35 

Esperanza station (located near the northern tip of the Antarctic Peninsula) observed in March 2015 36 

(+17.5ºC) was related to an atmospheric river that caused an intensification of the Foehn wind and associated 37 

local warming. This resulted not only in record high surface temperatures on the eastern flanks of the 38 

Antarctic Peninsula, but also major melt pond formation on the ice shelf and sea ice disintegration east of the 39 

Antarctic Peninsula (Bozkurt et al., 2018).  40 

 41 

A high-resolution regional climate model used to investigate the influence of regional and large-scale 42 

variability on summer air temperatures over ice shelves fringing the Amundsen Sea Embayment has 43 

demonstrated that El Nino episodes are associated with the more frequent occurrence of near-surface air 44 

temperatures above the melting point over the ice shelves, i.e. enhanced surface melt. By contrast, the 45 

polarity of the Southern Annular Mode and the location of the Amundsen Sea Low were shown to have 46 

negligible impact on surface melting of West Antarctic ice shelves (Deb et al., 2018). 47 

 48 

The variability of Antarctic precipitation (both mean and extremes) influenced by four large-scale circulation 49 

patterns, namely the Southern Annular Mode, the Southern Baroclinic Annular Mode, and two tropical-50 

teleconnection patterns, was captured in general by a regional climate model (Marshall et al., 2017). 51 

However, despite the coarse resolution coupled climate models are able to represent these large-scale 52 

circulation patterns, they struggle to correctly represent their associated regional impacts on precipitation. 53 

 54 

Investigated precipitation regime of Dome Fuji, Antarctica, with a combination of observational precipitation 55 

data and model data from AMPS (Antarctic Mesoscale Prediction system), which basically employed Polar 56 
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WRF, has showed that only 60% of the annual precipitation was related to synoptic event-type precipitation 1 

caused by warm air advection due to strong ridging of the upper-level flow and 40% of the precipitation fell 2 

as diamond dust (Dittmann et al., 2016).  3 

 4 

To examine the sensitivity of Antarctic surface mass balance for the period 1979–2015 to perturbations of 5 

sea surface conditions the MAR model was applied and showed reasonable results when lower sea-ice 6 

concentrations (i.e. warmer conditions) caused increased precipitation, while higher sea-ice concentrations 7 

(i.e. colder conditions) lead to decreased precipitation, which in both cases significantly affected the surface 8 

mass balance around the coastal regions. Sensitivity experiments with warmer conditions (i.e. consistent with 9 

future climate change) showed surface mass balance anomalies integrated over the entire ice sheet of 10 

between 5–13% relative to the present climate (Kittel et al., 2018). Furthermore, for the same period 1979–11 

2015, outputs of MAR together with another RCM RACMO2 (both forced by reanalysis products) were 12 

analysed for missing or underrepresented processes in both RCMs (Agosta et al., 2019). The results have 13 

showed that the estimation of surface mass balance from both models is similar and confirmed the 14 

importance of drifting snow transport, which is not included in MAR and underestimated in RACMO2. 15 

Additionally, sublimation fluxes were much larger than previous model-based estimates suggested a need to 16 

be better constrained in RCMs. In MAR sublimation represented only 16% of the simulated snowfall loaded 17 

at the ground for the year 2015. 18 

 19 

An upgrade in the physics package of RACMO2.3 (relative to RACMO2.1) included changes to the cloud 20 

scheme and cloud microphysics, as well as radiative and turbulent schemes, was evaluated on the simulated 21 

SMB and its components. The upgrade resulted in a considerable improvement of simulated SMB over the 22 

interior of Antarctica, resulting in an almost complete alleviation of any biases. Integrated over the entire 23 

grounded ice sheet, the SMB simulated by RACMO2.3 increased to 1793 Gt/yr, an increase of 45 Gt/yr 24 

compared to RACMO2.1, and due almost entirely to an increase in snowfall. The changes are attributed to 25 

improvements in the representation of cloud microphysics and large-scale circulation patterns, which affect 26 

topographically forced precipitation (Van Wessem et al., 2014). 27 

 28 

As an example of regional climate models performance, annual precipitation sums calculated by three RCMs 29 

forced with two GCMs all participated in the project Polar-CORDEX (Section Atlas.3.4) are shown on 30 

Figure Atlas.75:. All individual outputs and ensemble mean are in accordance with the Antarctic climatology 31 

with extremely dry interior of the continent and most precipitation around at coastal area and the Antarctic 32 

Peninsula region. 33 

 34 

 35 

[START FIGURE ATLAS.75: HERE] 36 

 37 
Figure Atlas.75: Climatological mean of annual precipitation for the reference period 1986–2005 from individual 38 

RCMs (lower panel) and their ensemble mean (upper map). RCM data from Polar-CORDEX project. 39 
Similar analysis for other indices and scenarios (including warming levels) are available at the 40 
Interactive Atlas (http://ipcc-atlas.ifca.es). 41 

 42 

[END FIGURE ATLAS.75 HERE] 43 

 44 

 45 

Atlas.5.10.2.3 Assessment of projections 46 

 47 

Two-meter air temperature in the future climate of the Antarctic Ice Sheet is expected to increase by 1.8°C–48 

3.0°C in 2100 and 2.4°C–5.3°C in 2200 based on the projections of the regional climate model RACMO2 49 

forced by two different global climate models (ECHAM5 and HadCM3) and two different emission 50 

scenarios (A1B and E1). Increases in rainfall and snowfall over the next two centuries (which together will 51 

contribute 60–200 Gt/yr) will are projected to largely determine future changes in surface mass balance, and 52 

that the snowfall would remain an order of magnitude greater than sublimation and runoff would remain 53 

small (Ligtenberg et al., 2013). 54 

 55 
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 1 

 2 

Projections of temperature change show warming over the whole Antarctic continent, but with different rate 3 

and intensity regionally. Change in number of Icing Days (ID) per year, when daily minimum temperature is 4 

below 0°C, is shown on Figure Atlas.76: as a demonstration of spatial and temporal distribution of warming 5 

for RCP8.5 in 2041–2060 over the reference period 1986–2005. Upper panel of the Figure Atlas.76: 6 

demonstrates individual RCM projections and shows that the most effect (almost two months less) is 7 

expected over Bellingshausen Sea, West Antarctica. Time series of spatially aggregated values over the 8 

whole continent confirms warming as well, since the delta of ID is over 20 days less.  9 

 10 

 11 

[START FIGURE ATLAS.76 HERE] 12 

 13 
Figure Atlas.76: Climatological mean of change in icing days (ID) for RCP8.5 in 2041–2060 over the reference period 14 

1986–2005 from individual RCMs (upper panel) and time series of spatially integrated indexes (lower 15 
panel). RCM data from Polar-CORDEX project. Similar analysis for other indices and scenarios 16 
(including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 17 

 18 

[END FIGURE ATLAS.76 HERE] 19 

 20 

 21 

Regional climate model projections have showed that East Antarctica is increasingly likely to experience 22 

snow accumulation anomalies towards the end of the 21st century attributed to anomalously high snowfall of 23 

the scale as during the first half of 2009 in Dronning Maud Land, East Antarctica, resulted in a large mass 24 

increase of around 160 Gt. Such enhanced snowfall is expected to significantly mitigate 21st century global 25 

sea level rise (Lenaerts et al., 2013). 26 

 27 

CMIP5 models project on average that precipitation for the whole Antarctic continent will increase by 28 

between 5.5% (scenario RCP 2.6) and 24.5% (scenario RCP 8.5) by the end of the century, which 29 

corresponds to a negative contribution to sea level from −19 mm to −71 mm between 2006 and 2099. 30 

However, only around one third of the CMIP5 models agree within ±20% of the snowfall rate observed by 31 

the CloudSat satellite for the period 1986–2005 (with the remaining models largely overestimating current 32 

Antarctic precipitation). If only these models in relatively good agreement with CloudSat observations are 33 

analysed, then larger precipitation changes of between 7.4% and 29.3% are projected to occur by the end of 34 

the century, with an associated reduction in sea level from −25 mm to −85 mm between 2006 and 2099 35 

(Palerme et al., 2016). 36 

 37 

A combination of observations and regional climate model simulations has showed that the relationship 38 

between summer air temperatures and surface melting over Antarctic ice shelves was highly non-linear. 39 

Subsequently based on regional climate model projections surface melt over Antarctic ice shelves will 40 

double by mid-century for both intermediate and high-emission scenarios. However, between mid and end-41 

of-century the surface melting associated with the high-emission scenario greatly exceeds that of the 42 

intermediate-scenario, with melt on several ice shelves under the high-emission scenario (such as Larsen C, 43 

Wilkins, George VI) approaching or surpassing intensities that were linked with the collapse of Larsen A and 44 

B (Trusel et al., 2015). 45 

 46 

The rate of increase of continental-scale accumulation in SMB is approximated as 5 ± 1% per °C, based on 47 

broad agreement in the results from the different approaches of a combination of ice core records, paleo-48 

simulations, projections by a range of global climate models, and one high-resolution regional climate model 49 

projection to robustly constrain the dependence of continental-scale accumulation changes over the Antarctic 50 

Ice Sheet on temperature changes (Frieler et al., 2015). 51 

 52 

Projections of all RCMs from Polar-CORDEX for total annual precipitation change in the middle of the 21st 53 

century for RCP8.5 show precipitation increasing over the most Antarctic continent corresponding to the 54 

different rate and intensity of warming (Figure Atlas.77:). Upper panel of Figure Atlas.77: shows three 55 
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RCMs ensemble mean and standard deviation demonstrating the maximum increase of precipitation in 1 

Bellingshausen Sea with good model agreement.  2 

 3 

 4 

[START FIGURE ATLAS.77 HERE] 5 

 6 
Figure Atlas.77: Climatological mean of change in annual precipitation PRCPTOT (mm year-1) for RCP8.5 in 2041–7 

2060 over the reference period 1986–2005 from individual RCMs calculation (lower panel) and RCM 8 
ensemble mean (left upper panel) with standard deviation (right upper panel). RCM data from Polar-9 
CORDEX project. Similar analysis for other indices and scenarios (including warming levels) are 10 
available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 11 

 12 

[END FIGURE ATLAS.77 HERE] 13 

 14 

 15 

Time series of spatially integrated over Antarctic annual and austral summer DJF precipitation change over 16 

the reference period 1986–2005 for both RCP4.5 and RCP8.5 from individual RCMs and their ensemble 17 

mean (Figure Atlas.78:) demonstrate that the precipitation is expected to increase more for RCP8.5 and 18 

annual values rather than less aggressive RCP4.5 and only austral summer season.  19 

 20 

[START FIGURE ATLAS.78: HERE] 21 

 22 
Figure Atlas.78: Time series of spatially integrated over Antarctic annual (lower panel) and austral summer DJF (upper 23 

panel) precipitation change (mm/day) for RCP4.5 (upper panel) and RCP8.5 (lower panel) over the 24 
reference period 1986–2005 from individual RCMs (dotted line) and RCM ensemble mean (bold blue 25 
line). RCM data from Polar-CORDEX project. Similar analysis for other indices and scenarios 26 
(including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 27 

 28 

[END FIGURE ATLAS.78 HERE] 29 

 30 

 31 

Atlas.5.11 Typological Domains  32 

 33 

From WGII Cross Chapter Papers: Biodiversity hotspots (land, coasts and oceans), Cities and settlements by 34 

the sea, Deserts semi-arid areas and desertification, Mediterranean region, Mountains, Polar regions, 35 

Tropical forests 36 

 37 

 38 

Atlas.5.11.1 Mountains 39 

 40 

The Hindu Kush Himalaya (HKH) 41 

 42 

The Hindu Kush Himalaya (HKH) encompasses over 4.2 million km2 area, and together with Tien Shan 43 

mountains form the largest area of permanent ice cover outside of the North and South Poles, and is the 44 

origin of 10 major river basins (Sharma et al., 2019). The HKH extend from the Hindu Kush valleys in 45 

Afghanistan to the hill and mountain systems of Myanmar. The complex terrain between these regions 46 

include the arid and semi-arid regions of the Pamir and Karakoram mountains; the high Himalaya of India, 47 

Nepal, and Pakistan; the undisturbed ecology of Bhutan; and the Tibetan Plateau of China (see more details 48 

in Sharma et al., 2019). 49 

 50 

The climate is mostly alpine over the Himalaya but varies within HKH significantly with elevation from 51 

snow-capped higher elevations to tropical/subtropical climates at lower elevations. The HKH climate 52 

modulates the global weather patterns by serving as a heat source in summer and heat sink in winter. The 53 

HKH and the elevated Tibetan Plateau exert significant influence on the Asian summer monsoon system. 54 

The HKH is sensitive to climate change and variability (see more details in Krishnan et al., 2019). 55 

 56 
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Atlas.5.11.1.1  Observations, trends and attribution 1 

 2 

A review by Nengker et al (2018) on past studies confirms the consistent increases in temperature over the 3 

Himalayas using regional/local observations, the higher rate of warming in the recent decades over 4 

Himalayas and Tibetan Plateau, the season specific responses to warming over Himalayas, the dependency 5 

of temperature trends on elevation, among others. This study also assessed the uncertainty in temperature 6 

observations over the Himalayas using four datasets (APHROTEMP, CRU, University of Delaware, and 7 

NCEP reanalyses), and found that APHROTEMP is the most suitable dataset for model evaluation studies in 8 

the period 1970–2005. 9 

 10 

The chapter on unravelling the climate change in the Hindu Kush Himalayan mountains (Krishnan et al., 11 

2019) in the recent HIMAP report (Wester et al., 2019) assessed that for the past five to six decades, the 12 

HKH have shown a rising trend of extreme warm events; a falling trend of extreme cold events; and a rising 13 

trend in extreme values and frequencies of temperature-based indices (both minimum and maximum). The 14 

number of cold nights reduced by 1 night per decade and the number of cold days reduced by 0.5 days per 15 

decade, while the number of warm nights increased by 1.7 nights per decade and number of warm days 16 

increased by 1.2 days per decade. These analyses used the global land surface daily air temperature data set 17 

developed by CMA V1.0 for the 55-year period (1961–2015). The linear trends in temperature over HKH 18 

was analysed using the monthly mean, maximum and minimum temperature data provided by the CMA 19 

GLSAT–V1.0. The 5° x 5° latitude-longitude grid box temperature anomalies in this dataset were calculated 20 

by averaging anomalies for the stations within each grid box during the analysis period 1901–2014 (see 21 

Annex 1 in Krishnan et al., 2019). 22 

 23 

Ghimire et al. (2018) has provided an overview of the past studies that reported discrepancies between the 24 

observed precipitation datasets over the Himalayas. This study compared three precipitation datasets 25 

(APHRODITE, GPCC, and CRU), and concluded that the vertical interpolation method included in the 26 

APHRODITE data was important for their study of precipitation in complex topography such as Himalayas 27 

where there is a sudden increase in the elevation. 28 

 29 

The HIMAP report analysed the observed precipitation changes in HKH using monthly dataset from CMA 30 

GLMP-V1.0 for the period 1901–2013. The observed changes in precipitation extremes over HKH was 31 

assessed using the Global Land Daily Precipitation data set V1.0 (CMA GLDP–V1.0) for the period 1961-32 

2013 (see Annex 1 in Krishnan et al., 2019). 33 

 34 

 35 

Atlas.5.11.1.2  Assessment of model performance 36 

 37 

Nengker et al. (2018) evaluated the performance of five CORDEX South Asia RCMs for simulating the key 38 

features of the present day (1970–2005) near surface air temperature climatology over the Himalayan region. 39 

This study found that this RCM ensemble does exceptionally well in capturing the spatial patterns of 40 

temperature climatology over Himalayas for the present climate even though the models showed a 41 

significant cold bias. In spite of the general intensification of cold bias with increasing elevation, the RCMs 42 

showed a greater rate of warming than the observation throughout entire altitudinal stretch of study region. 43 

The simulated rate of warming during winter season was found to be relatively higher at high altitudes. This 44 

study also found a seasonal response of RCM performance and its spatial variability to elevation. CORDEX 45 

RCMs and their driving CMIP5 GCMs feature low fidelity for Indus Basin watersheds (Hasson et al., 46 

2019b). 47 

 48 

Mishra (2015) reported that the four CORDEX South Asia RCMs used in their study showed larger 49 

uncertainty (1–3.6°C in temperature and 18–60% in precipitation) than that of the observations in the 50 

Himalayan water towers (e.g., Indus, Ganges, and Brahmaputra river basins). This study showed that the 51 

RCMs exhibited large cold bias (6–8°C) and were not able to reproduce the observed warming in the 52 

Himalayan water towers. 53 

 54 

Sanjay et al. (2017b) using 13 CORDEX South Asia RCM historical experiments showed that the 55 
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downscaled seasonal mean temperatures have relatively larger cold bias than their driving CMIP5 GCMs 1 

over the hilly subregions within the HKH region. It was also shown that the downscaled RCMs and their 2 

driving GCMs overestimated the total precipitation in the HKH subregions during the summer monsoon and 3 

winter seasons. 4 

Ghimire et al. (2018) evaluated the ability of 11 CORDEX South Asia RCMs for simulating the seasonal 5 

precipitation during June to September over the Himalayan region. The RCMs indicated large spread in 6 

simulating spatial and temporal distributions of the summer season precipitation over the study region. These 7 

high-resolution downscaled precipitation simulations showed dry bias along the foothills of the Himalayas, 8 

and in general indicated wet bias at higher elevations. 9 

 10 

The recent HIMAP report (Wester et al., 2019) analysed CMIP5 and CORDEX South Asia projections in the 11 

Hindu Kush Himalayan mountains, and assessed that the consensus among models for the HKH region is 12 

weak; a result of the region’s complex topography and the coarse resolution of global climate models 13 

(Krishnan et al., 2019). 14 

 15 

 16 

Atlas.5.11.1.3  Assessment of projections 17 

 18 

Future climate change in HKH using high resolution (50 km) RCMs in the framework of WCRP 19 

CORDEX South Asia 20 

 21 

CORDEX South Asia downscaled CMIP5 experiments project in general wetter/drier conditions in near 22 

future for western/eastern Himalayan region, except for a part of the Hindu-Kush area in western Himalayan 23 

region which shows drier condition (Choudhary and Dimri, 2018). This scenario gets further intensified in 24 

far future. The distribution of trend with elevation presented a very complex picture with lower elevations 25 

showing a greater trend in far-future under RCP8.5 scenario when compared with higher elevations. 26 

Statistically significant strong rate of warming (0.03–0.09 °C/year) across all the seasons and RCPs have 27 

been projected over the Indian Himalayan region (IHR) by the CORDEX South Asia RCMs and their 28 

ensemble (Dimri et al., 2018b). A substantial seasonal response to warming with respect to elevation was 29 

also found, as December-January season followed by October-November portrays highest rate of warming, 30 

specifically at higher elevation sites such as western Himalayas and northern part of central Himalayas. 31 

Climate downscaling over the Hindu Kush Himalayan (HKH) region showed that the CORDEX South Asia 32 

multi-RCMs provide relatively better confidence than their driving CMIP5 GCMs in projecting the 33 

magnitude of seasonal warming for the hilly subregion within the Karakoram and northwestern Himalaya, 34 

with higher projected change of 5.4 °C during winter than of 4.9 °C during summer monsoon season by the 35 

end of 21st century under the high-end emissions (RCP8.5) scenario (Sanjay et al., 2017b). There is less 36 

agreement among these RCMs on the magnitude of the projected warming over the hilly subregions within 37 

the central Himalaya and the southeastern Himalaya and Tibetan Plateau. Statistically significant higher 38 

warming rate (0.23–0.52 °C/decade) for both minimum and maximum air temperature are projected over the 39 

Indian Himalayan region for all the seasons by the CORDEX South Asia RCMs and their ensemble under 40 

RCP4.5 and RCP8.5 scenarios (Dimri et al., 2018a). The CORDEX South Asia downscaled multi-RCMs 41 

showed good consensus and low RCM uncertainty in projecting that the summer monsoon precipitation will 42 

intensify by about 22% in the hilly subregion within the southeastern Himalaya and Tibetan Plateau for the 43 

far-future period under the RCP8.5 scenario (Sanjay et al., 2017b). The cold and wet biases of the CORDEX 44 

South Asia RCMs and of their driving CMIP5 datasets over the Himalayan watersheds of Indus Basin 45 

(Jhelum, Kabul and upper Indus basin) were higher in magnitude than their projected changes under RCP8.5 46 

scenario by the end of 21st century, indicating uncertain future climates for the Indus Basin watersheds 47 

(Hasson et al., 2019a). 48 

 49 

Similarly, CORDEX-South Asia over Indian Himalayan region under RCP4.5 and RCP8.5 shows higher 50 

warming rate (0.23–0.52 °C/decade) for both minimum and maximum air temperature (Tmin and Tmax).The 51 

overall trend of Diurnal temperature range (DTR) portrays increasing trend across entire area with highest 52 

magnitude under RCP8.5. This higher rate of increase is imparted from the predominant rise of Tmax as 53 

compared to Tmin (Dimri et al., 2018a; Soraisam et al., 2018). 54 

 55 
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The IPCC AR5 (2013) recent HIMAP report (2019) highlighted that large gaps in observations exist in the 1 

HKH, especially in Afghanistan, Pakistan, Myanmar, Bhutan, and Nepal, and for the north-western part of 2 

the Tibetan Plateau. This sparseness of observational data is the major source of uncertainty for the 3 

estimation of long-term trends of mean and extreme climatic indices in the HKH (see section 3.5 in Krishnan 4 

et al., 2019). The major uncertainty with the estimates of extreme temperature trends is expected from the 5 

systematic bias in the historical temperature data series caused by urbanization. The evidence for elevation-6 

dependent warming in the HKH is increasing, but further research is needed to explore the mechanisms 7 

underlying this phenomenon involving multiple feedbacks, such as snow–albedo interactions, water vapour–8 

cloud–radiation interactions, aerosol forcing, etc. The precipitation response to climate change over the HKH 9 

region is subject to larger uncertainties both in the CMIP and CORDEX models. 10 

 11 

 12 

Atlas.6 Assessment of communication approaches with case studies/narratives and guidance on how 13 

to interpret these 14 

 15 

Key messages: Empirical research on the effectiveness of climate information communication shows trade-16 

offs in conveying complicated information whilst ensuring ease of interpretation and use. Communication 17 

approaches favoured by users are not always the approaches that achieve greatest accuracy in interpretation. 18 

Best-practice guidance is emerging to achieve greater consistency in the understanding and use of climate 19 

information.  20 

 21 

The primary purpose of IPCC reports is to provide policymakers at all levels with the scientific information 22 

they need to develop climate policies. The term ‘policymaker’ in itself covers a wide range of users with 23 

varying societal and cultural perspectives, expertise and specialist scientific knowledge. Aside from feeding 24 

into international, national and local climate policy, region-specific information on climate impacts and 25 

projected changes under different scenarios contained within the IPCC reports serve a practical purpose and 26 

lead to better operational forecasts, spatial planning and early warning systems. The detailed technical 27 

findings in IPCC reports also serve as an important benchmark resource for the research community. Finally, 28 

growing societal engagement with climate change means IPCC reports are increasingly used directly by 29 

businesses, the financial sector, health practitioners, civil society, the media and educators at all levels. 30 

While the primary audience, at least traditionally, remains decision makers, the IPCC reports could 31 

effectively be considered a tiered set of products with information relevant to a range of audiences. 32 

 33 

Climate change affects many aspects of human civilization. This lifts the communication of scientific 34 

findings regarding climate change to a level that goes beyond the dissemination of scientific facts. Any 35 

message can be interpreted in many ways, depending on the reputation and (perceived) purpose of the 36 

messenger, the framing of the message, the value pattern of the recipient, and the communication strategy 37 

that is used. 38 

 39 

Information on observed or projected climate change can be aggregated to different levels across a range of 40 

spatial and temporal scales, from global mean long-term climate characteristics to regionalized and tailored 41 

records of observed or projected impacts on a specific group of people. The aggregation scale not only 42 

affects the (un)certainty level or confidence in the presented findings, but also the perception of the 43 

information by recipients. Assessing impacts of climate change does require integration of climate and non-44 

climatic information, which makes communication between inter- and transdisciplinary teams necessary. 45 

Although ‘neutral’ communication about climate change is difficult to achieve or define, communication 46 

actions aimed at presenting results of an assessment of scientific findings regarding climate change have a 47 

different purpose and format than actions that are intended to inform a specific target audience in order to 48 

support adaptation or mitigation policies. 49 

 50 

An overview of concepts of climate change communication is given below, including the range of 51 

approaches to communicate uncertainty, ethical issues, and the effectiveness of the various communication 52 

strategies. 53 

 54 

 55 
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Atlas.6.1 Approaches to communicating uncertainty and confidence 1 

 2 

Scientists tend to focus on what they do not know before emphasizing points of agreement (National 3 

Academies of Sciences and Medicine, 2017). This focus on uncertainty obscures the level of scientific 4 

consensus on main climate change features (Lewandowsky et al., 2015). In addition, it can lead to ‘action 5 

paralysis’, when a weighting or comparison of available adaptation or mitigation actions is complicated by 6 

the large number of unresolved drivers for determining an optimal mix of measures. 7 

 8 

Rather than stressing the inherent uncertainty in the understanding of past phenomena or future pathways, an 9 

emphasis on a ‘likely’ or ‘plausible’ range of conditions is being advocated to be an effective approach in 10 

climate change communication. A number of approaches and an evaluation of their effectiveness are under 11 

development. 12 

 13 

 14 

Atlas.6.1.1 Communicating uncertainty information using ensembles of models and scenarios 15 

 16 

The communication of uncertainty has a profound influence on the perception of information that is 17 

exchanged during the communication process. In climate science, uncertainty refers to the inherent inability 18 

to quantify the past, current or expected state of (components of) the climate system. It is usually expressed 19 

by displaying information with an associated likelihood range, generated by the use of ensembles of data sets 20 

or model projections (Slingo and Palmer, 2011). Major sources of uncertainty in (IPCC) climate change 21 

assessments include imperfection of observational records, model formulation, natural variability and socio-22 

economic pathways.  23 

 24 

This likelihood range can reflect both reconstructions of past climate variability (where uncertainty tends to 25 

increase with the length of the time period due to reduced quality and representability of available 26 

observations and proxies) and future climate (where sources of uncertainties vary with the lead time). 27 

 28 

Many climate adaptation and mitigation planning activities utilize past and future climate reconstructions 29 

and projections to generate plausible ranges of relevant climate characteristics (van den Hurk et al., 2018). 30 

Interactions between the physical and socio-economical elements of the climate system is included in the 31 

methodology in choosing scenario assumptions and following driver-effect cascades from the climate 32 

response to anthropogenic forcings to regional impacts and risk changes. In this ‘top-down’ mapping 33 

approach, uncertainty generally increases with longer time scales and smaller spatial and sectoral domains. 34 

Aggregation of the large ensemble of potential futures into a limited subset of discrete scenarios is applied 35 

using storylines and narratives [see Section Atlas.6.1.3]. 36 

 37 

 38 

Atlas.6.1.2 Event attribution 39 

 40 

“Disasters such as record-breaking heatwaves and extreme rainfall are likely to become more common 41 

because the build-up of greenhouse gases is altering the atmosphere. Warmer air contains more water vapour 42 

and stores more energy; the increasing temperatures can also change large-scale atmospheric circulation 43 

patterns. But extreme weather can also arise from natural cycles, such as the El Niño phenomenon that 44 

periodically warms sea surface temperatures in the tropical Pacific Ocean.” (Schiermeier, 2018)  45 

 46 

Various methods exist to detect the contribution of climate change to the probability of a given extreme 47 

climate event. Some of these methods use ensembles of climate projections with and without accounting for 48 

anthropogenic climate change, in which a difference of the number of occurrences of a particular event 49 

(diagnosed by a meteorological indicator such as the cumulative rainfall in a given period and area) is 50 

indicative of a change of the likelihood of such an event that can be attributed to climate change. Other 51 

methods utilize observed trends of extreme events, and compare return times of these events under current 52 

climate conditions to those under climate conditions of the early 20th century. There is now an increasing 53 

number of studies on attributing extreme weather events to climate change (see Figure Atlas.79:). 54 

 55 
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[START Figure Atlas.79: HERE]  1 

 2 
Figure Atlas.79: Number of publications on attributing extreme weather events to climate change (Schiermeier, 2018). 3 
 4 

[END FIGURE ATLAS.79 HERE] 5 

 6 

 7 

Atlas.6.1.3 Narratives and storylines to communicate climate change impacts 8 

 9 

Communicating the full extent of available information on future climate for a region, including a 10 

quantification of uncertainties, can act as a barrier to the uptake and use of such information (Daron et al., 11 

2018; Lemos et al., 2012). To address the need to simplify and increase the relevance of information for 12 

specific contexts, recent studies have adopted narrative and storyline approaches (Hazeleger et al., 2015; 13 

Shepherd et al., 2018) (see Chapter 1 for definitions, and Chapter 10 for further discussion on these 14 

concepts). Narratives and storylines (defined in Section 1.2.4.2 and Section 10.5.3.1) can also be used to help 15 

describe relationships between physical climate processes across spatial and temporal scales, and how these 16 

influence a region’s climate (e.g. Dessai et al., 2018; Zappa et al., 2017) but here their role in communicating 17 

future climate information to address societal challenges is emphasized. 18 

 19 

As a communication device, narratives and storylines can bring together multiple sources of information, 20 

from model simulations of climatic and socio-economic trends to expert opinion. They can provide rich 21 

descriptions of specific climate futures and how they may impact target locations and/or societal sectors. In 22 

doing so, they can be used to sample the many possible future climates to span relevant uncertainties (e.g. in 23 

projected rainfall changes) or provide illustrations of events put in a future-climate context.  24 

 25 

Some uses of climate narratives also focus on the process of their construction and demonstrate the added 26 

value of co-produced narratives to enhance knowledge integration in decision-making contexts, explicitly 27 

acknowledging and including climate-impact information (Jack et al., in prep.). An IPCC expert meeting on 28 

assessing and combining multi-model climate projections (IPCC, 2010) recommended that in cases when 29 

quantitative information is limited or missing, regional climate assessments could use narratives in addition 30 

or as an alternative. It may now be argued that information need not be missing or limited for narratives to 31 

have value, both as a tool to communicate climate information and as a process for knowledge integration. 32 

 33 

Atlas.6.1.4 Climate services portals and national and regional climate assessments 34 

 35 

Hewitson et al. (2017) reviewed 42 climate information websites (CIWs) – considered a representative 36 

sample of English‐based CIWs – and developed a typology illustrating different purposes, levels of content, 37 

and interfaces. They highlighted four areas of concern: 1) the ethics of information provision in a context of 38 

real-world consequences; 2) interfaces that present barriers to achieving robust solutions; 3) weak capacity of 39 

both users and providers to identify information of value from the multi-model and multi-method data; and 40 

4) inclusion of data that infer skill. 41 

 42 

An increasing number of national and international climate change assessment programs have been 43 

performed, aiming at mapping climate change information relevant for adaptation and mitigation decision 44 

support. An overview of such programmes for Europe is discussed in section Atlas.5.6.3.4. 45 

 46 

 47 

Atlas.6.2 Effectiveness of climate information communication 48 

 49 

Communicating climate information to guide policy development and decision-making often requires 50 

tailoring of information. In doing so, various approaches are used to summarize and visualize climate 51 

information. To improve understanding and inform guidance on best practices, a growing number of 52 

empirical studies are assessing the effectiveness of different approaches.  53 

 54 

Budescu et al. (2012) evaluated interpretations of the IPCC likelihood language used in previous assessment 55 
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reports, finding that target audiences may not understand information in the way it was intended, leading to 1 

confusion and misinterpretation.  2 

 3 

There remains a need for more detailed and comprehensive studies evaluating the effectiveness of different 4 

climate information communication approaches for use by different target audiences.  5 

 6 

The following section outlines the key principles of effective climate science communication. 7 

 8 

1. Trust in the source of the science message is important for effective climate science communication.  9 

 10 

Trust in the messenger acts as a heuristic shortcut, allowing the reader to make decisions about what 11 

messages to believe (Slovic et al., 2004). This is especially important when communicating complex 12 

scientific information, in the context of a ‘fake news’ media environment. Whilst research shows 13 

consistently high levels of trust in scientists in Europe (McCright et al., 2016), no organizations, institutions, 14 

or experts are universally trusted on all issues (National Academies of Sciences, 2017). Audiences will have 15 

the greatest trust in the messengers who they perceive as sharing their values and identity (Corner et al., 16 

2014). Cues from trusted political leaders and other elite voices have a strong influence on how individuals 17 

engage with climate science messages (Feldman and Sol Hart, 2018; Motta, 2018; Zanocco et al., 2018). 18 

This work contributes to a growing literature on the value of communicating expert consensus about 19 

contested scientific issues (Goldberg et al., 2019). 20 

 21 

2. Climate science communication should be related to what is tangible and familiar to the audience.  22 

 23 

Audiences tend to think of climate change as a problem distant from them in time and space (Spence et al., 24 

2012). Relating long-term global processes to impacts more immediate and local to the audience can 25 

overcome this psychological distancing (Polk, 2018; Wiest et al., 2015). There is evidence that in some 26 

circumstances localised scenarios can trigger defence mechanisms in audiences, who as a result of feeling 27 

threatened may seek to deny the messaging (Brügger et al., 2015; McDonald et al., 2015). 28 

 29 

3. Climate science communication can be made more effective by relating the science to the things that 30 

matter to your audience.  31 

 32 

Highlighting the co-benefits of taking action on climate change can improve engagement with climate 33 

science messaging. Audiences appear receptive to climate science communication that addresses the health 34 

benefits of cleaner energy (e.g. reduced air and water pollution), though overall the evidence remains mixed 35 

(Hathaway and Maibach, 2018). Messages that identify positive outcomes of mitigation efforts (such as 36 

improvements in social welfare and creating a society where people are more considerate and caring, or that 37 

focus on the economic and technological development that climate policies can bring) seem to be more 38 

effective (Bain et al., 2012). There is evidence that politically conservative audiences are more favourable 39 

towards scientific messages when these are focused on pollution and the ‘purity’ of the natural environment 40 

(Feinberg and Willer, 2013). 41 

 42 

4. Climate science communication can be made more effective by using a narrative format.  43 

 44 

A narrative structure can simplify otherwise complex issues and help audiences make decisions in the face of 45 

this complexity (Mohan and Topp, 2018). Understanding and engagement with narratives can be made more 46 

effective if the scientific information if it is presented in a narrative format congruent with the audiences’ 47 

values, rather than presented as a list of facts (Harris, 2017; Jones and Song, 2014; Nisbet and Markowitz, 48 

2016). On the other hand, many studies suggest that the framing of information is crucial to the way in which 49 

it is disseminated or discussed (Berkhout et al., 2013; Lakoff, 2010). 50 

 51 

5. Effective climate science communication should focus on what is known, not what is uncertain.  52 

 53 

Uncertainty in climate science communication can lead different audiences to interpret the information in 54 

different ways (Corner et al., 2012). Audiences who do not understand science is a debate and an ongoing 55 
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process of reducing uncertainty are more likely to dismiss scientific messages that highlight uncertainty in 1 

the findings (Rabinovich and Morton, 2012). Leading with what is known, rather than what is uncertain, 2 

leads to improved engagement with climate science messages (Trenberth, 2012). ‘False balance’ in media 3 

reports between scientists and sceptics has skewed how most people think about scientific agreement on 4 

climate change (Boykoff, 2011), and makes it difficult for non-expert audiences to critically judge the 5 

respective merits of differing interpretations of the climate science. Some research has recommended 6 

reframing uncertainty information using the closely related concept of ‘risk’, with which as the language of 7 

the insurance, health and national security sectors, most people are more familiar (Pidgeon and Fischhoff, 8 

2011). It is also argued that scientists must realize that their engagement in advocacy does not necessarily 9 

hurt their credibility (Kotcher et al., 2017). 10 

 11 

6. Support science communication with an effective visual vocabulary.  12 

 13 

The visual communication of climate science can take many forms, including graphs, infographics, 14 

animations and photographs. Studies have used interviews and online surveys to assess interpretations of 15 

visualizations used to communicate climate uncertainties to decision makers (Daron et al., 2015; Lorenz et 16 

al., 2015; McMahon et al., 2015; Retchless and Brewer, 2016). They commonly find wide-ranging 17 

interpretations of the same information and distorted understanding that can be caused by seemingly 18 

arbitrary visualization choices. Taylor et al. (2015) found that preferences for a particular visualization 19 

approach does not always align with the approaches that achieve greatest accuracy in interpretation. 20 

 21 

7. Combat the post--truth society 22 

 23 

Societal trends have contributed to the emergence of post-truth in recent years (Lewandowsky et al., 2017; 24 

Temmerman et al., 2019). The public attention is diverted from the veracity of information by an abundance 25 

of information and with it the notions of ‘true facts’ and ‘alternative facts’ which surround climate science 26 

communication more generally the democratic discourse. Acceptation of climate science communication 27 

messages may be helped by pushing forwards transparency about the communication means (Kovach and 28 

Rosenstiel, 2007), sources and affiliation, inoculation strategies that inform and deconstruct ‘fake news’ 29 

campaigns (Lewandowsky et al., 2017), technological solutions (data mining and visualisation, deep 30 

learning, use of social media bots) (Persily, 2017), and the general education of the public. 31 

 32 

With new insights from a range of scientific disciplines, including the cognitive and psychological sciences 33 

(Harold et al., 2016), best-practice guidance for communicating and visualizing climate data is emerging. 34 

Budescu et al. (2012) showed that using a dual verbal-numerical scale allows for greater consistency in 35 

understanding confidence and uncertainty. Kaye et al. (2012) and Retchless and Brewer (2016) provided 36 

guidance on the use of colour, masking and other graphical approaches to represent uncertainty. Beyond 37 

communication of climate information through papers, reports and web-based platforms, new World 38 

Meteorological Organization guidance discusses the value of different user-engagement approaches (WMO, 39 

2018) to improve climate information communication, particularly in developing climate services. The 40 

guidance provides examples from passive to interactive and focused engagements, showing that deeper and 41 

more valuable engagement is best achieved through face-to-face interaction.  42 

 43 

In addition, new evidence is emerging about the potential of photographic imagery to build trust in scientific 44 

communication. Photographs which connect people and climate in ways deemed credible and authentic 45 

support positive engagement with climate change messaging (Chapman et al., 2016). Effective visual 46 

communication needs to connect with the values and identity of its audience (Ballantyne et al., 2018). 47 

 48 

8. Persons’ values are key determinants of their response to climate science messages.  49 

 50 

A ‘value’ is a guiding principle in the life of a person and forms the core aspects of a person’s identity 51 

(Schwartz, 1992). Values are the ‘bedrock’ on which specific attitudes are founded (Maio, 2017). A 52 

programme of research spanning several decades, 44 nations and over 25,000 respondents (Schwartz et al., 53 

2012) has identified that certain types of values cluster together. Research into climate change 54 

communication has confirmed that certain clusters of values are consistently associated with positive 55 
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engagement with climate science messaging (Corner et al., 2014; Kahan, 2012; Zia and Todd, 2010). 1 

 2 

 3 

Atlas.7 Description of the online “Interactive Atlas” 4 

 5 

This section provides a description of the ‘AR6 WGI Interactive Atlas’, a new tool in AR6 allowing for a 6 

flexible spatial and temporal analysis of relevant WGI global and regional climate change information 7 

(CMIP5 and some CORDEX domains in this version) taking also into account the needs of WGII. It builds 8 

on and extends the assessments and methodological recommendations made in WGI chapters (in particular 9 

the Atlas regional synthesis assessment in the previous sections), providing a more comprehensive analysis 10 

of the information beyond the specific scope and limited space of the chapters.  11 

 12 

The Interactive Atlas is developed in collaboration with WGI and WGII chapters, focusing on relevant 13 

variables, indices and hazard metrics and allowing for a spatial and temporal analysis with a predefined 14 

granularity (e.g. flexible seasons and a number of predefined alternatives for subregions and baseline and 15 

future periods, including warming levels). The First order Draft (FOD) version presented here includes some 16 

basic atmospheric (temperatures and precipitation) and oceanic (sea surface temperature, pH and Oxygen) 17 

variables and some illustrative derived indices (used in the Atlas and Chapter 12). In particular, the 18 

Interactive Atlas provides global information in the form of interactive maps, for the climate change signal 19 

of these variables and indices (for several future periods, both time slices and warming levels) considering a 20 

number of alternative reference baselines. It also provides regional analysis for a number of predefined 21 

(reference and typological) regions in the form of plumes and scatter plots (e.g. temperature versus 22 

precipitation) of aggregated spatial values. This allows for an in-depth comprehensive analysis (and 23 

intercomparison) of global and regional datasets.  24 

 25 

Note that this prototype is still incomplete (e.g. observations are missing), and its main purpose is to start a 26 

dialogue with WGI and WGII Chapters on its possibilities and challenges (e.g. the integration of global and 27 

regional projections). The goal of this first version has been to develop a functional prototype to test the 28 

technology used in terms of performance, real-time usability and scalability and, thus, reduced subsets have 29 

been used for this purpose (see below). The Interactive Atlas FOD is available for review at ipcc-atlas.ifca.es 30 

(login details and indications are provided upon registration as reviewer). 31 

 32 

 33 

Atlas.7.1 Why an interactive online Atlas in AR6? 34 

 35 

The idea of an interactive online Atlas was first discussed in the IPCC Expert Meeting on Assessing Climate 36 

Information for the Regions, ICTP, Trieste, 16–18 May 2018. One of the main limitations of previous static 37 

global and regional information (including the AR5 Atlas) was the limited flexibility to explore the products 38 

(e.g. global maps) in order to be informative for different regions and impact sectors. For instance, the use of 39 

standard seasons limits the assessment in many cases, such as regions affected by monsoons or seasonal 40 

rainband migrations or other phenomena driven seasons. The limited number of variables which can be 41 

treated on a printed Atlas also prevents the inclusion of relevant indices and hazard metrics. One of the main 42 

general concerns raised by this online alternative was the potential danger of having an unmanageable 43 

number of final products impossible to assess following the IPCC assessment process. All the 44 

recommendations and concerns have been taken into account in the design of the Interactive Atlas, 45 

implementing a tool for flexible regional and temporal analysis, but with limited predefined functionality and 46 

granularity. Moreover, links have been established with other chapters (e.g. using common tools) in order to 47 

support their assessment and adopt their methodological recommendations.  48 

 49 

In order to facilitate the assessment of the Interactive Atlas, it has been implemented tracking relevant 50 

navigation information in the URL, so any product visualized by the Interactive Atlas (as characterized by 51 

the particular dataset, region, variable, season, scenario, future and baseline periods, and analysis tool) can 52 

be reproduced using the review code provided by the Interactive Atlas for the particular page viewed. This 53 

serves as a sort of ID which facilitates the review process of the granular products shown by the Interactive 54 

Atlas. 55 

http://ipcc-atlas.ifca.es/
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 1 

 2 

Atlas.7.2 Description of the interactive Atlas: Functionalities and datasets  3 

 4 

The Interactive Atlas FOD described in this section builds on the development done in the framework 5 

Spanish National Adaptation Plan (PNACC – AdapteCCa) in order to design a regional scenarios portal to 6 

assist the Spanish climate change adaptation community. The basic functionalities initially included in the 7 

AR6 WGI Interactive Atlas were based on those already implemented in AdapteCCa and have been 8 

extended to cope with the particular requirements of the datasets and functionalities planed for the 9 

Interactive Atlas. In particular, the functionalities available in the FOD have been designed to showcase the 10 

possibilities that offers interactivity building on four basic products:  11 

• global maps,  12 

• temporal plumes,  13 

• annual cycle plots and  14 

• two-variable scatter plots (e.g. temperature vs. precipitation).  15 

 16 

The first of these products provides global information for any of the variables and indices and the latter 17 

three convey spatially aggregated information for particular region(s) selected by the user from a number of 18 

predefined alternatives (currently ‘AR6 WGI reference regions’ for atmospheric variables, and ‘ocean 19 

biomes’ for oceanic ones; see Section Atlas.2.2 for more details and plans about regional definitions). Figure 20 

Atlas.80: shows a screenshot of the Interactive Atlas (main window) which shows the global map of climate 21 

change for the default configuration of dataset, variable, scenario and season (as shown in the tabs at the top 22 

of the window).  23 

 24 

 25 

[START FIGURE ATLAS.80 HERE] 26 

 27 
Figure Atlas.80: A screenshot illustrating the main window of the AR6 WGI Interactive Atlas, which displays a global 28 

map with the annual temperature climate change signal from the CMIP5 dataset for the mid-term 29 
future period. The main controls at the top of the window allow selecting the dataset (currently a 30 
global CMIP5 subset and regional EURO-, AFRICA- and ANTARCTIC-CORDEX at 0.44º), variable 31 
(atmospheric and oceanic variables and indices), scenario (currently RCP4.5 and 8.5 for different time 32 
slices and warming levels) and season (annual, standard seasons and user-defined ones). Regional 33 
information for a particular region (from a predefined number of options, currently the ‘AR6 34 
reference regions’ for atmospheric variables and ‘Ocean biomes’ for oceanic variables) can be 35 
obtained interactively by clicking on the map over the region (or using the selector on the top) and 36 
pressing the ‘view regional information button’; see Figure Atlas.81:). Note that the full URL for this 37 
screen (as copied from the browser) tracks all the information of the default choice: http://ipcc-38 
atlas.ifca.es/#&model=CMIP5_mmm&variable=tas&scenario=rcp85&temporalFilter=year&layers=A39 
R6&period=medium&anomaly=ANOMALY&zoom=2 40 

 41 

[END FIGURE ATLAS.80 HERE] 42 

 43 

 44 

This FOD version includes both atmospheric (daily mean, minimum and maximum temperatures and 45 

precipitation) and oceanic (sea surface temperature, pH and oxygen) variables, as well as an illustrative 46 

index used in Chapter 12 (days with maximum temperature above 35 deg C, considering both raw and bias 47 

corrected data; see Annex VII: Hazard and Extreme Indices for the definition) and some illustrative indices 48 

used in the Atlas regional synthesis: 49 

• ‘warm days’: number of days with daily maximum temperature above the 90th percentile of the 50 

baseline period,  51 

• ‘warm nights’: number of days with daily minimum temperature above the 90th percentile of the 52 

baseline period,  53 

• ‘very wet days’: number of days with daily accumulated precipitation above the 95th percentile of 54 

the baseline period,  55 

 56 

http://ipcc-atlas.ifca.es/#&model=CMIP5_mmm&variable=tas&scenario=rcp85&temporalFilter=year&layers=AR6&period=medium&anomaly=ANOMALY&zoom=2
http://ipcc-atlas.ifca.es/#&model=CMIP5_mmm&variable=tas&scenario=rcp85&temporalFilter=year&layers=AR6&period=medium&anomaly=ANOMALY&zoom=2
http://ipcc-atlas.ifca.es/#&model=CMIP5_mmm&variable=tas&scenario=rcp85&temporalFilter=year&layers=AR6&period=medium&anomaly=ANOMALY&zoom=2
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Note that we have used a simple definition here, computing the percentiles using all available data in the 1 

baseline period, and obtaining the frequency of exceeding these thresholds in the different future periods 2 

(either time slices or warming levels). Therefore, note that these indices do not correspond to the standard 3 

ETCCDI definitions.  4 

 5 

The global and regional datasets included in the Interactive Atlas are a subset of CMIP5 models (interpolated 6 

to a common 2º grid), and three regional datasets from the EURO-, AFRICA- and ANTARCTICA-7 

CORDEX, respectively, at the common resolution of 0.44º (detailed information on these datasets is given in 8 

Sections Atlas.3.3 and Atlas.3.4, as well as plans for future integration of new datasets). Data from the 9 

historical, RCP45 and RCP85 scenarios is available in all cases, and the user can select the future period of 10 

analysis as either a time slice (considering, for consistency with the AR5 Atlas the future periods 2016-2035, 11 

2046-2065 and 2081-2100 for near-, mid- and long-terms, respectively), or as a warming level (1.5º and 2º; 12 

see Section Atlas.2.1 for full details on the different options and future plans).  13 

 14 

Figure Atlas.80: illustrates the functionality of the Interactive Atlas, which allows to analyse the available 15 

information in a flexible but controlled form (only a limited number of possibilities exist). Note that some of 16 

the included alternatives are disabled and are only included to illustrate the different possibilities being 17 

considered. For instance, regarding the baseline periods, the only active option is the AR5 baseline (1986–18 

2005), whereas the other two alternatives shown (AR5: 1995–2014 and WMO: 1981–2010) will be 19 

implemented in the future after discussion with WGII.  20 

 21 

In order to provide some initial measure of uncertainty, this version includes a simple model agreement 22 

criterion (in coordination with Chapter 12). In particular, regions where less than 66% of models agree in the 23 

sign of the ensemble-mean change are masked out (stippled with grey boxes). Note that this assessment does 24 

not take into account whether the individual models’ projected changes are significant This will be modified 25 

in future versions when an agreement is made on the adopted form for representing confidence/uncertainty in 26 

the results. 27 

 28 

Regional information can be obtained interactively by selecting (clicking on) the region(s) of interest (or 29 

using the selector in the upper part) and indicating the type of product from a number of options: temporal 30 

series (ensemble plumes), annual cycle plots, or two-variables scatter plots. Figure Atlas.82: and Atlas.82 31 

show two examples of regional analysis for the same selection. Note that the dataset, variable, scenario and 32 

season can be changed at any time and the regional information (for the currently selected region) will be 33 

change accordingly, thus providing high interactivity in the exploration of products. Note that the 34 

information displayed in these products will correspond to the aggregated results of the region(s) selected 35 

and displays higher granularity since the results of individual models are represented and not only the 36 

ensemble mean (or ensemble statistics).  37 

 38 

In the case of the plumes (Figure Atlas.82:), the annual/seasonal time series for the individual models are 39 

represented for the whole 2005–2100 period and specific details on the model values can be obtained by 40 

hovering over the plume on a particular year. Similarly, the annual cycle panel shows the (monthly) annual 41 

cycle, as given by the ensemble and by the different GCMs. Note that the granularity of the final Interactive 42 

Atlas will be defined for each of the products based on the assessment and recommendations from other 43 

chapters.  44 

 45 

In the case of the scatter plots (Figure Atlas.82:), the application shows the current selection (variable, 46 

dataset, scenario and season) on the x-axis, and allows to select a second variable for the y-axis (e.g. 47 

temperature vs. precipitation, in this example). The dots represent different GCMs and the different colours 48 

indicate the near-, mid- and long-term future periods. Fine granularity is provided by hovering over a 49 

particular point. 50 

 51 

 52 
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[START FIGURE ATLAS.81: HERE] 1 

 2 
Figure Atlas.81: Regional information for a selected region (the Mediterranean) in the form of a time series plume for 3 

a mid-term time slice (top) and a 2ºC warming level (bottom). Note that the corresponding periods are 4 
indicated with grey shading (with intensity proportional to the number of models including each 5 
particular year for the case of the warming levels). Fine granularity is provided by hovering over a 6 
particular point, obtaining information of particular models (top panel).  7 

 8 

[END FIGURE ATLAS.81 HERE] 9 

 10 

 11 

[START FIGURE ATLAS.82: HERE] 12 

 13 
Figure Atlas.82: Regional information for a selected region (the Mediterranean) in the form of scatter-plot. This 14 

product allows to select a second variable to show in the diagram (CMIP5 precipitation in this case, in 15 
addition to CMIP5 temperature originally selected) and displays the results for the three near-, mid- 16 
and long-term periods in different colours (each point represents a given model).  17 

 18 

[END FIGURE ATLAS.82 HERE] 19 

 20 

 21 

Atlas.7.3 Accessibility and reproducibility  22 

 23 

The accessibility and reproducibility of scientific results is nowadays a major concern in all scientific 24 

disciplines (Baker, 2016). During the design and development of the Interactive Atlas, special attention has 25 

been paid to these problems in order to ensure the transparency of the products feeding the Interactive Atlas 26 

(which will be all publicly available). Accessibility will be established in collaboration with the IPCC Data 27 

Distribution Centre, since all final products provided by the Atlas will be based on curated IPCC-DDC 28 

datasets and will include full provenance information as part of the provided metadata (see Atlas.7.5). The 29 

Atlas products are generated using open source frameworks – e.g. the climate4R framework (Iturbide et al., 30 

2019) – based on free software community tools (e.g. R) for data post-processing (re-gridding, aggregation, 31 

adjustment, etc.) and evaluation and quality control (when applicable). Full metadata will be generated for all 32 

final products, including provenance, post-processing workflow description and code and product-specific 33 

information (see Atlas.7.4 for some examples already implemented in the FOD). Moreover, standards will be 34 

adopted when available (e.g. RDF for metadata description).  35 

 36 

In summary, a number of actions have been conducted in order to facilitate the open access and 37 

reproducibility of results, including: 38 

• Open access to raw data and derived Atlas products;  39 

• Provision of full provenance metadata describing the product generation workflow;  40 

• Free availability of the software and code used. As an example, code for reproducing some of the 41 

figures of the Atlas Chapter is already available at github.com/SantanderMetGroup/IPCC-Atlas  42 

• Use of standards and open-source tools. 43 

 44 

All Atlas products and flexibility options for extended analysis will build on recommendations and 45 

assessments made in WGI Chapters. For instance, products based on bias correction or statistical 46 

downscaling will be consider according to the assessment and recommendations done by Chapters 10–12. 47 

There also is the possibility to include non-climate data when it provides context information. 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 

https://github.com/SantanderMetGroup/IPCC-Atlas
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plotting options as agreed with the chapter as being appropriate for the relevant dataset.  1 

 2 

[Placeholder for a Box with an illustration of a reproducible worked out example from the Atlas] 3 

 4 

 5 

Atlas.7.4 Exporting products (including metadata) in different formats  6 

 7 

All the products visualized in the Interactive Atlas can be exported in a variety of formats, including PNG 8 

files (and also PDF in cases with vector information, e.g. for temporal plumes). Moreover, products with 9 

spatial information (only the global maps in the current version) can be downloaded in GIS format 10 

(GeoTIFF). These options can be selected in the right-hand side buttons of the main screen (see Figure 11 

Atlas.80:) under the zooming options.  12 

 13 

For some test products of the Interactive Atlas (only global maps in this version), a comprehensive 14 

provenance metadata description has been generated, including all details needed for reproducibility, from 15 

the data sources to the different post-processes applied to obtain the final product (detailed information on 16 

the specific metadata provenance model used, METACLIP, is given in next section). In these cases, there is 17 

also the possibility to download a PNG file augmented with attached metadata information (in JSON 18 

format). This option is available when a the METACLIP icon is shown instead of the PNG at the bottom of 19 

the right-hand side panel (see Figure Atlas.80:); by clicking this button the enhanced PNG file will be 20 

downloaded. The machine readable metadata embedded in the PNG file and can be accessed and interpreted 21 

automatically using specific JSON software/libraries.  22 

 23 

In order to facilitate metadata consultation, the METACLIP framework has an interactive interpreter 24 

designed as an interactive provenance visualization tool to navigate through complex data workflows and 25 

obtain, for each step, a semantic description of the operations undertaken, thereby allowing for an easy 26 

interpretation of the provenance information by users with different levels of expertise. This is a drag-and-27 

drop facility where users can drop the files downloaded from the Interactive Atlas to visually explore the 28 

metadata. For example, Figure Atlas.83: shows the metadata for the augmented PNG file corresponding to 29 

the default selection of the Interactive Atlas, and obtained by clicking on the METACLIP button. The 30 

visualization interface provides provenance description at different levels of granularity, in such a way that 31 

the most technical details (e.g. command calls which are only relevant for expert users) remain hidden unless 32 

explicitly queried.  33 

 34 

 35 

[START FIGURE ATLAS.83: HERE] 36 

 37 
Figure Atlas.83: Screenshot of the METACLIP Interpreter for provenance visualization (metaclip.org), displaying the 38 

provenance of a temperature anomaly map downloaded from the Interactive Atlas as a PNG file with 39 
attached METACLIP metadata (METACLIP export option). The blow-up shows a specific dataset 40 
from the 9-member ensemble used to produce the map. It shows details about the dataset provenance 41 
such as its DOI identifying the source of data, the experiment (RCP 8.5), the modelling centre, GCM 42 
information, data provider and associated Project (CMIP5). The interface allows the user to expand 43 
the detail of information if needed by clicking in each of the nodes and reading the metadata in the left 44 
panel. It is also possible zooming in/out, scrolling and saving a user-defined position of the graph. 45 

 46 

[END FIGURE ATLAS.83 HERE] 47 

 48 

 49 

Atlas.7.5 Provenance for the full chain from the data source to the final product 50 

 51 

Provenance is defined as a ‘record that describes the people, institutions, entities, and activities involved in 52 

producing, influencing, or delivering a piece of data or a thing’. This information can be used to form 53 

assessments about their quality, reliability or trustworthiness. In the context of the outcomes of the 54 

Interactive Atlas, having an effective way of dealing with data provenance is a necessary condition to ensure 55 

not only the reproducibility of results, but also to build trust on the information provided. However, the 56 

http://metaclip.org/
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relative complexity of the data and the post-processing workflows involved may prevent from a proper 1 

communication of data provenance with full details for reproducibility. Therefore, a special effort has been 2 

made in order to build a comprehensive provenance metadata model for the Interactive Atlas products.  3 

 4 

Provenance frameworks are typically based on RDF (Resource Description Framework), a family of World 5 

Wide Web Consortium (W3C) specifications originally designed as a metadata model – RDF Working 6 

Group 2014: www.w3.org/RDF (Candan et al., 2001). It is an abstract model that has become a general 7 

method for conceptual description of information for the Web, using a variety of syntax notations and 8 

serialization formats. Designed to provide a framework that ensures interoperability between metadata 9 

frameworks, RDF allows for structured and semi-structured data to be mixed, exposed, and shared across 10 

different applications. As a result, RDF has been widely adopted in many different fields. To this aim, 11 

specific vocabularies have been written in RDF, containing a conceptual model of a particular – more or less 12 

broad – domain of knowledge. Vocabularies list the types of objects, the relationships that connect them and 13 

constraints on the ways that objects and relationships can be combined, being used for description, 14 

classification and reasoning. METACLIP (Bedia et al., 2019) exploits RDF through specific vocabularies, 15 

written in the OWL ontology language, describing different aspects involved in climate product generation, 16 

from the data source to the post-processing workflow, extending international standard vocabularies such as 17 

PROV-O (Moreau et al., 2015). The METACLIP vocabularies are publicly available in the METACLIP 18 

GitHub repository (github.com/metaclip/vocabularies).  19 

 20 

METACLIP makes an emphasis in the delivery of ‘final products’ (understood as any piece of information 21 

that is stored in a file, such as a plot or a map) with a full semantic description of its origin and meaning 22 

attached to it. On the one hand, a web-based front-end (the METACLIP Interpreter) achieves ‘human 23 

readability’ of very detailed and potentially complex provenance information (including the source code 24 

generating the product), facilitating its interpretability to users with different levels of expertise thanks to its 25 

granularity. On the other hand, METACLIP ensures ‘machine readability’ through the reuse of well-defined, 26 

standard metadata vocabularies, providing semantic interoperability and the possibility of developing 27 

database engines supporting advanced provenance analytics. Therefore, this framework has been adopted in 28 

order to generate provenance information and attach it as metadata to the products generated by the 29 

interactive Atlas. A specific vocabulary (IPCC_TERMS) is created alongside the inclusion of new products 30 

in the Interactive Atlas. As an example, Figure Atlas.84: shows the semantic vocabularies needed to encode 31 

the information Figure Atlas.83: (provenance of the CMIP5 datasets). 32 

 33 

 34 

[START FIGURE ATLAS.84: HERE] 35 

 36 
Figure Atlas.84: Illustration of the provenance of an individual ‘dataset’ (corresponding to the blow-up highlighted by 37 

the red square in Figure Atlas.83:), describing its source (DOI number), data provider (ESGF), 38 
experiment (RCP 8.5), modelling centre (GFDL) and GCM (ESM2M). The metadata model re-uses 39 
an existing ontology (PROV-O, prefix ‘prov:’, blue) and creates domain-specific extension for climate 40 
products via the METACLIP ontologies DATASOURCE (indicated by prefix ‘ds:’, orange) and 41 
IPCC_TERMS (‘ipcc:’, magenta). 42 

 43 

[END FIGURE ATLAS.84 HERE] 44 

 45 

 46 

Atlas.8 Knowledge gaps 47 

 48 

[Preliminary statements] 49 

 50 

There is the need to increase significantly the standard and comprehensiveness of guidance material on the 51 

quality and applicability of accessible regional climate data. 52 

 53 

Some regions are lacking a comprehensive evaluation of downscaled climate data. 54 

 55 

http://www.w3.org/RDF
http://github.com/metaclip/vocabularies
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Climate scientists need to increase their skills in engaging with the increasingly broad audience for their 1 

findings and this demands new skills of scientists to use and engage with a wider range of communications 2 

channels. 3 

 4 

Scientists, policy-makers and practitioners across the whole spectrum of climate change science and its 5 

applications need to improve their awareness of the importance of working in multidisciplinary teams and 6 

their skills in engaging in them. 7 

 8 

Calculating observed climate changes, evaluation of models and developing bias correction and downscaling 9 

is hampered by uneven distribution of observations, monitoring and poor data availability 10 

 11 

  12 
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Frequently Asked Questions 1 

 2 

FAQ ATLAS.1: If results from models are uncertain, how can we trust them? 3 

 4 

A model is a simplified representation of something more complicated. Children’s play, for instance, often 5 

involves models of anything from machines to human social systems. For predicting weather and climate, 6 

models are built which are simplified representations of the complicated physical and chemical interactions 7 

which take place in the atmosphere, on land and in the oceans. These take the form of computer models 8 

which solve complex mathematical equations derived from these simplified representations. Clearly it is not 9 

possible to represent all the detail of the real world in a computer model and so the results it will generate 10 

will only approximate the real world, i.e. will contain a degree of uncertainty. However, if we compare these 11 

results with observations then we can quantify this uncertainty which can allow us to say how much trust we 12 

can have in them. In the case of climate change projections we can use an assessment of how well models 13 

have been able to reproduce recent climate changes, and the reasons for these, to estimate how much we can 14 

trust them to predict how the climate will continue to change in the future. In turn, this then allows us to 15 

explore with reasonable confidence the potential impacts of climate change under various scenarios of world 16 

evolution and to examine the robustness of a given adaptation option under a wide range of possible futures. 17 

 18 

Climate models, global or regional, coupled or uncoupled, are numerical simulations of real-world systems; 19 

they solve complex mathematical equations based on well-established physical laws defining the behaviour 20 

of the weather and climate. It is not possible nevertheless to represent all the detail of the real world in a 21 

computer model, so approximations have to be made, such as the choice of the temporal and spatial 22 

resolution of the calculations or the processes included in the models. These approximations lead to some 23 

inherent uncertainty. 24 

 25 

Since the first climate models with a simplified representation of the atmosphere, our knowledge of the real 26 

world has much improved and remarkable advances have been made in computer power. Models have 27 

incorporated more of the complexity of the climate system with its many potential interactions and 28 

feedbacks. Current state-of-the-art climate models now include fully interactive clouds, oceans, land surfaces 29 

and aerosols, with the latest models containing detailed atmospheric chemistry and the climate carbon cycle. 30 

Increasing numerical resources have allowed for an ever increasing of the spatial and temporal resolutions at 31 

which calculations are made, as well as for the incorporation of more complex parameterisations.  32 

 33 

As a result, far more and far more detailed experiments are run with different versions of the models. We can 34 

quantify the uncertainty in our predictions and thereby increase confidence in the results. As models have 35 

evolved, the fundamental physical responses of the modelled climate systems have remained consistent with 36 

the early simpler models, and the coupling process has not uncovered any major errors in the pre-existing 37 

models. 38 

 39 

The uncertainty of the models can be (and is) characterised. Models are tried and tested in a number of ways. 40 

They are used to reproduce the climate of the recent past and the present day, having considerable success at 41 

this, both in terms of the average and variations in space and time. They are also used to reproduce what we 42 

know about ancient climates. They are calibrated and validated using observations from experiments or 43 

analogies, and then run using input data representing future climate. This work gives confidence in the 44 

results of the models, or if need be, a representation of their weaknesses which can be in turn taken into 45 

account when assessing their results. 46 

 47 

While explicitly discussing uncertainty is important for good climate science and the confidence assessment 48 

in model results, uncertainty about the future conflicts with individual needs for predictability and control. 49 

To address this, scenarios called Representative Concentration Pathways (RCPs) can be used to interpret 50 

scientific uncertainty regarding future climate conditions more meaningfully. 51 

 52 

RCPs describe a range of plausible future concentrations of global greenhouse gases and aerosols in the 53 

atmosphere, which could come as a result of different combinations of future economic, demographic, 54 

policy, institutional and technological conditions. Through climate modelling, these RCPs are translated into 55 
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projected changes in temperature and precipitation, among other climate variables, revealing a range of 1 

possible futures. These enable researchers to explore the potential impacts of climate change, and for 2 

decision makers to examine the robustness of a given adaptation option under a wide range of possible 3 

futures. Decision-makers should treat projections as indicators of possible future trends (and not absolute 4 

values) which can inform their pursuit of climate-resilient development pathways. 5 

 6 

Thus, scientific uncertainty can here be interpreted as the opportunity to explore rigorously a range of 7 

possible future scenarios and to chart climate-resilient pathways, rather than as a lack of any reasonable view 8 

of what the future might look like.  9 

 10 

[Placeholder: A schematic of all processes represented in climate models, illustrating the complexity of the 11 

climate systems and its interaction with humans and nature.] 12 

 13 

 14 

 15 

 16 

 17 

[Other proposed FAQs 18 

 19 

Given CMIP5, CMIP6, CORDEX, which model(s) is(are) best for our region? 20 

 21 

How do you evaluate models when there is sparse observation?  22 

 23 

How can I use the (interactive online) Atlas for mitigation and adaptation studies? 24 

 25 

How can I use the (interactive online) Atlas for climate risk assessment?  26 

 27 

Specifics FAQs on the Atlas tools regarding the use of the tool in the direction of providing guidance 28 

 29 

• Where can I find the information to produce the 30 

figure(s)? 31 

• Where are the metadata?]32 
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 1 

 2 

[START TABLE ATLAS.22 HERE] 3 
 4 

Table Atlas.22: Regional scale summary of climate change projections in South Asia. 5 

 6 

S.No. GCM RCM Time period Relative time Resolution Domain Scenarios Authors Results 

Temperature 

 

Precipitation 

1 ECHAM5 MRI RegCM4  2030s, 2050s 

and 2080s 

 
30 km South Asia IPCC AR4 A2, A1B 

and B1  

(Ahmed and 

Suphachalasai, 

2014)  

They concluded 

steadily progressing 

warming will be 

widespread across the 

region with increases 

of 4°C to 5°C by the 

2080s for the A2 

scenario. 

Precipitation 

increases were 

projected for eastern 

and north-eastern 

areas for the monsoon 

season, becoming an 

identified signal only 

toward the end of the 

century. The drier 

winter months see 

smaller projected 

changes or decreasing 

trends. 

2 CMIP5 20 GCMs 
 

2061‐2100  1966‐2005 
 

Global IPCC AR5 RCP8.5 Scoccimarro et al. 

(2013) 

 
Projected changes in 

difference between 

the 90th and 99th 

percentile daily 

precipitation. Regions 

where the projected 

increases were found 

to be greatest 

included India, 

southern China and 

Southeast Asia, with 

the difference 

increasing by 10 

mm/day for 2061‐

2100 relative to 1966‐

2005.  

3 CMIP3 
 

PRCIS  
   

Indus Basin within 

India 

  
(Deshpande and 

Kulkarni, 2015) 

 
1‐day duration 5 cm 

or greater rainstorms 

covering at least 

40,000 km2 of the 
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Indus Basin within 

India, projected 

future increases in 

intensity and 

decreases in 

frequency. 

4 CMIP5  10 GCMs 
 

2050–2099  Pre-industrial 
 

India and South 

Asia  

IPCC AR5 RCP8.5  Jourdain et al. 

(2013)  

 
Increased summer 

monsoon rainfall for 

India and South Asia 

(for nine out of the 

ten GCMs) of 5% to 

20% increases for 

2050‐2099 relative to 

the pre‐industrial 

period. Most of the 

Indian increase 

occurs over the 

Himalayas. 

5 CMIP5 
     

Global 
  

Seth et al. (2013)  
 

Increased moisture 

convergence and 

precipitation in late 

summer in all 

monsoon regions. 

annual cycle of 

monsoon region 

precipitation.  

6 CMIP5 20GCMs 
      

RCP8.5  Menon et al. 

(2013)  

 
Increase in Indian 

summer monsoon 

rainfall under the 

RCP8.5 scenario by 

the end of the 

century. They also 

reported a projected 

increasing trend in 

interannual 

variability. 

7 CMIP5 23 GCMs 
      

RCP8.5  (Srivastava and 

Delsole, 2014)  

 
South Asian summer 

monsoon 

precipitation is 

robustly projected 

(JJAS mean rainfall) 

to increase due to 
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anthropogenic 

climate change.  

8 CMIP5 30 GCMs 
      

RCP8.5  (Freychet et al., 

2015)  

 
With moderate 

confidence, more 

intense and frequent 

extreme precipitation 

was projected for the 

Indian region due to 

changes in 

atmospheric moisture 

content and 

circulation 

9 CMIP5 20 GCMs 

(a subset 

of four 

models 

(BNU‐

ESM, 

MPI‐

ESM‐LR, 

MIROC5 

and 

NorESM1‐

M) were 

selected) 

 
2051–2099 1951–1999 

   
RCP8.5  (Sharmila et al., 

2015)  

 
All‐India summer 

monsoon rainfall 

magnitude will 

increase together with 

a lengthening of the 

season due to later 

monsoon withdrawal. 

Intensity and 

frequency of both 

strong and weak 

monsoons are 

projected to increase. 

Daily variability 

changes indicate 

increases in heavy 

rainfall events (> 40 

mm/day) and 

decreased low rain‐

rate events (<10 

mm/day) and wet day 

frequencies. 

Additionally, 

enhanced propensity 

for shorter active and 

longer break spells is 

projected. 

10 CMIP5 GCMs 
 

21st century 
     

(Mei et al., 2015) 
 

They suggest warmer 

temperatures increase 

atmospheric moisture 

content, 
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overwhelming 

weakening monsoon 

circulation, thus 

increasing both 

moisture convergence 

and summer monsoon 

precipitation over 

South Asia.  

11 CMIP5 
  

2021–2015 

and 2071–

2100 

1971–2000 
   

RCP4.5 

and 

RCP8.5  

(Palazzi et al., 

2015)  

 
All models indicate 

an increase in 

summer (i.e. 

monsoon) 

precipitation for the 

Himalaya. 

12 CMIP5 
        

Sabeerali et al. 

(2015) 

 
Find all CMIP5 

GCMs investigated 

produced unrealistic 

ISMR projections due 

to excessive 

convective relative to 

stratiform 

precipitation and so 

recommend improved 

cloud microphysics 

formulations are 

required before 

projections will be 

reliable. 

13 Two 

GCMs 

(ECHAM5 

and 

HadCM3) 

 
Three RCMs 

(CLM, 

HadRM3 and 

REMO) 

 
1970–1999 

 
India. 

 
A1B 

scenario 

(Kumar et al., 

2013)  

An ensemble mean 

RCM warming of 

1.5°C and 3.9°C by 

mid and end of 

century. 

Ensemble mean RCM 

precipitation 

projections show 

summer monsoon 

season increases of 

20% to 40% over the 

peninsular and 10% 

to 20% over the 

northeast and 

Western Gnats by the 

end of the 21st 

century. 

14 
         

(Syed et al., 

2014b) 

Warming of 2.5°C to 

5°C, with the largest 
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warming over their 

northern Pakistan and 

India subregion, and a 

30% increase in 

summer monsoon 

precipitation over 

north eastern India, 

Bangladesh and 

Myanmar. 

15 Driven by 

ECHAM5 

Three 

GCMs  

Seven RCMs  2041–2060  
    

A1B (Niu et al., 2015)  
 

Overall a stronger 

Indian summer 

monsoon is projected 

by most of climate 

models during 2041–

2060. 

16 
  

PRECIS RCM  
   

entire Indus river 

basin 

 
A1B 

scenario 

Rajbhandari et al. 

(2014) 

Warming was greater 

over the upper than 

the lower Indus, with 

greater warming in 

winter than in the 

other seasons.  

Projections simulated 

an increase in 

precipitation over the 

upper Indus basin and 

decrease over the 

lower Indus basin 

with winter 

precipitation 

decreases particularly 

evident over the 

southern part of the 

basin. There was an 

overall increase in the 

number of rainy days 

over the basin, but in 

the border area 

between the upper 

and lower basins 

(where the rainfall 

amount is highest) 

there was a decrease 

in the number of 

rainy days 

accompanied by an 

increase in rainfall 

intensity. 

17 
 

One GCM One RCM 
     

RCP4.5 (Dash et al., 2014) 
 

Their results 
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(GFDL‐

ESM2M)  

(RegCM4) and 

RCP8.5 

projected decrease in 

JJAS rainfall under 

the RCP8.5 scenario 

over the central, 

eastern, and 

peninsular India by 

the end of the century 

is in the range of 30–

40% of their mean 

reference period 

values. Under the 

RCP4.5 scenario, 

similar decreasing 

estimates lie in the 

range of 15–25 %, 

also significant at 

95% level. 

18 
 

Stretched‐

grid 

variable‐

resolution 

GCM 

(Krishnan 

et al., 

2013) 

Land‐surface 

model 

  
35 km  South Asian 

monsoon region 

and tropical Indian 

Ocean 

 
RCP4.5  (Ramarao et al., 

2015) 

 
Continuation of 

summer monsoon 

rainfall declines with 

corresponding soil 

moisture decreases 

until the end of the 

21st century. 

evapotranspiration 

(ET) reduction 

accompanying the 

soil moisture drying 

has an elasticity 

factor of 

approximately two 

(i.e. a 1% decrease in 

soil moisture results 

in a 2% decrease in 

ET). 

19 CMIP5 AOGCMs Multi-RCMs  (2036–2065) 

and (2066–

2095)  

 
50 km Hindu Kush 

Himalayan (HKH)-

CORDEX_SA 

 
RCP4.5 

and 

RCP8.5 

(Sanjay et al., 

2017b) 

Seasonal warming for 

the hilly subregion 

within the Karakoram 

and north-western 

Himalaya, with 

higher projected 

change of 5.4°C 

during winter than of 

Summer monsoon 

precipitation will 

intensify by about 

22% in the hilly 

subregion within the 

south-eastern 

Himalaya and Tibetan 

Plateau for the far-
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4.9°C during summer 

monsoon season by 

the end of 21st 

century under the 

high-end emissions 

(RCP8.5) scenario. 

future period under 

the RCP8.5 scenario. 

20 
 

AGCM 
 

(2010–2039), 

(2040–2069) 

and (2070–

2100)  

 
40 km  South and East 

Asia 

IPCC AR5 RCP4.5 

and 

RCP8.5  

(Woo et al., 2018) 
 

Correlation 

coefficients (CCs) 

pattern of 

precipitation over 

South Asia shows an 

in-phase relation ship 

with North China and 

an out-of-phase 

relationship with 

Korea–Japan, while 

precipitation 

variations over 

Korea–Japan and 

Southern China 

exhibit an out-of-

phase relationship 

with South Asia. The 

CCs analysis between 

the two Asian blocks 

during different time 

slices shows the 

strongest CCs during 

the near and far future 

with the RCP8.5 

scenario. 

21 CMIP5 
  

1860–2099 1961–1990  
 

India  IPCC AR5 RCP2.6, 

RCP4.5, 

RCP6.0 

and 

RCP8.5  

Chaturvedi et al. 

(2012) 

Under the business-

as-usual (between 

RCP6 and RCP8.5) 

scenario, mean 

warming in India is 

likely to be in the 

range 1.7°C–2°C by 

2030s and 3.3°C–

4.8°C by 2080s 

relative to pre- 

industrial times. 

All-India 

precipitation under 

the business-as-usual 

scenario is projected 

to increase from 4 to 

5% by 2030s and 

from 6 to 14% 

towards the end of the 

century (2080s). 

Consistent positive 

trend in frequency of 

extreme precipitation 
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days (e.g. > 40 

mm/day) for decades 

2060s and beyond.  

22 
 

GCM High-

resolution 

zooming  

   
South Asia  

  
(Sabin and 

Mujumdar, 2016) 

 
Persistent decrease of 

monsoonal rains and 

prolongation of soil 

drying. 

23 CMIP5 GCM 
      

Transient 

warming 

scenario 

(Lee et al., 2018) 
 

Half a degree 

additional warming 

would bring more 

frequent and stronger 

heavy precipitation 

events, exerting 

devastating impacts 

on the human and 

natural system over 

the Asian monsoon 

region. 

24 
   

2020–2049  1960–1989 
    

(Hamman et al., 

2016) 

The cooling trend 

over the Asian 

continent is likely to 

make it even more 

severe in its impact 

than 1960–1989. 

The epoch 2020–

2049 is likely to be 

another dry one. 

25 
 

CGCM3.1 

by 

Canadian 

Center for 

Climate 

Modeling 

and 

Analysis 

version 3.1  

Statistical 

Downscaling 

Model 

(SDSM)  

   
River basins in 

South Asia—the 

Ganges and the 

Brahmaputra 

 
A1B and 

A2  

(Pervez and 

Henebry, 2014b) 

 
Precipitation during 

and after the 

monsoon is likely to 

increase in both 

basins. Peak monsoon 

precipitation is likely 

to shift from July to 

August, and may 

impact the livelihoods 

of large rural 

populations linked to 

subsistence 

agriculture in the 

basins.  

26 CMIP5  45 GCMs 
 

2046–2075  1976–2005 0.5° grids  South Asia  
 

RCP8.5  Zheng et al. 

(2018) 

 
The modelling results 

indicate that future 

runoff will increase 

throughout most of 
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the region except in 

the far northeast and 

far northwest. The 

median projection 

shows increases in 

mean annual runoff 

of 20–30% in the 

Indian subcontinent.  

27 CMIP5 CanESM2, 

CNRM-

CM5, 

GFDL-

ESM2M, 

MIROC5 

and MPI-

ESM-LR 

 
2080–2099 1986–2005 

   
RCP 4.5  Sudeepkuma et al. 

(2018) 

 
The ensemble mean 

of models projects a 

strengthening of the 

wind speed towards 

north (north of 15°N) 

and weakening to the 

southern region 

(especially south of 

12°N). In the case of 

active-break 

conditions, the active 

spells are found to be 

strengthening over 

northern India and 

weakening over the 

peninsular India, the 

break spells intensify 

over southern tip of 

peninsular India 

indicating intense 

breaks. which 

facilitates wetting of 

northern Indian 

regions and drying of 

southern peninsular 

regions 

28 
  

CORDEX-

SA_RCM 

   
Indian Himalayan 

region-CORDEX-

South Asia 

 
RCP4.5 

and 

RCP8.5 

Dimri et al. (2018) Higher warming rate 

(0.23°C–0.52°C per 

decade) for both 

minimum and 

maximum air 

temperature (Tmin 

and Tmax) is 

observed for all the 

seasons under both 
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RCPs. The overall 

trend of Diurnal 

temperature range 

(DTR) portrays 

increasing trend 

across entire area 

with highest 

magnitude under 

RCP8.5. This higher 

rate of increase is 

imparted from the 

predominant rise of 

Tmax as compared to 

Tmin.  

29 CMIP5 
  

2006–2050 1961–2005 
   

RCP4.5 

and 

RCP8.5 

(Sarthi et al., 

2015) 

 
Future projected 

change of JJAS wind 

shows anticyclonic 

circulation over 

Arabian Sea at 850 

hPa and cyclonic 

circulation around 

40°N,70°E–90°E at 

200 hPa which may 

be a possible cause of 

changes in JJAS 

rainfall over Indian 

regions.  

30 
  

CORDEX-

South-Asia 

data 

2011–2060 1970–2005 
 

Northeast-India  
 

RCP4.5  (Soraisam et al., 

2018) 

Increasing trend for 

both seasonal 

maximum and 

minimum 

temperature over the 

northeast India. The 

frequency of extreme 

monthly maximum 

and minimum 

temperature are 

projected to increase.  

Decreasing 

insignificant trend in 

seasonal 

precipitation. 

31 CMIP5 
       

RCP8.5  (Mukherjee et al., 

2018) 

 
The frequency of 

precipitation 

extremes is projected 

to rise more 
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prominently in 

southern and central 

India in the mid and 

end of the 21st 

century. 

32 
 

GCM20 RegCM4.3  2008–2025 

and 2080–

2098  

1980–1998  
 

Pakistan 
 

A1B 

under 

AR4 for 

GCM20 

and 

RCP8.5 

under 

AR5for 

RegCM4.

3 

Ahmad and 

Hussain (2017) 

Under A1B scenario 

GCM20 mean DJF 

temperature change in 

2008–2025 projection 

period suggests an up 

to 5°C rise in the 

north–most region of 

the country. 

RegCM4.3 under 

RCP8.5 scenario 

suggests an up to 

11°C rise in the mean 

temperature 

projection of 2008– 

2025 DJF season over 

the northern region of 

the country.  

GCM20 JJAS 

precipitation rate of 

change under A1B 

scenario in the 2008–

2025 projection 

period suggests a 

relative decrease of 

up to 20 mm/day over 

the central parts of 

the country. 

RegCM4.3 under 

RCP8.5 suggests a 

mean JJAS 

precipitation decrease 

of up to 0.5 mm/day 

in 2008–2025 

projection over 

south–eastern region 

of the country. 

33 
 

GCM20  RegCM4.3  2008–2025 

and 2080–

2098  

1980–1998 GCM20=20 

Km and 

RegCM4.3=2

5km 

Pakistan 
 

A1B 

under 

AR4 for 

GCM20 

and 

RCP8.5 

under 

AR5for 

RegCM4.

3 

Ahmad and 

Hussain (2019) 

The GCM20 

(RegCM4.3) has 

shown a 2.1°C 

(4.7°C) warm shift in 

the 90th percentile of 

DJF daily mean 

temperature in 2008–

2016 projection 

period relative to 

1990–1998 baseline 

period.  

GCM20 (RegCM4.3) 

suggests a substantial 

JJAS mean 

precipitation increase 

of 9.0 mm/day (29.2 

mm/day) in the 90th 

percentile for the 

2008–2016 projection 

period.  

34 
 

AOGCMs 
 

2011–2030, 

2046–2065, 

and 2080–

2099 

1976–2011  
 

Pakistan 
 

IPCC AR4 (Nabeel and 

Athar, 2018) 

 
The AOGCM 

projections dis- play a 

gradual increase in 

annual precipitation 

in AJK, KPK, and 

Punjab, whereas an 

increase and then 
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decrease in 

Balochistan and 

Sindh. In humid and 

semi-arid climate 

areas, there is an 

increase in annual 

precipitation in all 

three projected 

periods.  

35 
 

22 

AOGCMs 

 
2025–2049, 

2050–2074, 

and 2075–

2099 

1975–1999 
   

A2, A1B, 

and B1 

(Saeed and Athar, 

2018) 

The projected robust 

changes in the 

temperature by the 

end of 21st century 

are in the range of 

3°C to 4°C during the 

winter season and on 

an annual basis, in the 

central and western 

regions of Punjab 

province, especially 

in A2 and A1B 

emission scenarios. 

Changes in both 

precipitation and 

temperature are larger 

in the summer season 

(JAS) as compared to 

the winter season in 

the coming decades, 

relative to the 

baseline period.  

The winter season 

(from December to 

March), 66% of the 

models display robust 

projected increase of 

winter precipitation 

by about 10% relative 

to the baseline period, 

irrespective of 

emission scenario and 

projection period, in 

the upper northern 

subregion of Pakistan 

(latitude > 35°N). 

 
Crop 

model 

  
2020s and 

2050s 

2008 and 2009  
    

Nasim et al. 

(2016) 

Grain yield of 

sunflower could 

reduce by up to 15% 

by the 2020s with an 

average increase in 

temperature of +1°C, 

and by up to 25% if 

temperatures 

increased by up to 

2°C for the 2050s. 

Adaptation strategies 

showed that, if the 
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crop were sown 

between 14 days (for 

2020) and 21 days 

(for 2050) earlier than 

the current date (last 

week in February), 

yield losses could 

potentially be 

reduced.  

 1 

 2 

[END TABLE ATLAS.22 HERE]3 
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 2 

 3 

 4 

 5 
Figure Atlas.1: Global mean temperature (30-year running mean) for the selected CMIP5 ensemble, considering 6 

RCPs 4.5 and 8.5. The reference GWLs are indicated by the horizontal grey lines. Preindustrial (1861–1890) and 7 
reference (1971–2000) periods are also delimited by the dashed vertical lines. 8 
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 2 
 3 
Figure Atlas.2: Reference AR5 (a) and AR6 (b) WGI regions. The latter includes both land and ocean regions and it 4 

is used as the standard for the regional analysis of atmospheric variables in the Interactive Atlas. 5 
 6 
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 3 
Figure Atlas.3: CORDEX-SEA subregions based on historical rainfall climatology and variability (Juneng et al., 4 

2016) 5 
 6 
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 3 
Figure Atlas.4: Land monsoon regions (top) and ocean biomes (bottom). 4 
  5 
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 3 
Figure Atlas.5: Number of stations reported over the entire globe for surface air temperature (above) and precipitation 4 

(below) for CRU TS4.0 dataset.  5 
 6 
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 3 
Figure Atlas.6: Number of stations per 0.5 x 0.5 grid cell reported over the period of 1901–1910, 1971–1980, and 4 

2001–2010 for surface air temperature for CRU TS4.0 dataset.  5 
 6 
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 2 
Figure Atlas.7: Same as Figure Atlas.5:, but for number of observations in the HadSST3 dataset.  3 
 4 
 5 
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 3 
Figure Atlas.8: Same as Figure Atlas.6:, but for number of observations in the HadSST3 dataset. 4 
 5 
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 3 
Figure Atlas.9: Global (excluding the Southern Ocean) annual average SST anomaly (relative to 1971–1990), for the 4 

period 1871–2000. Annual averages smoothed using a 21-pt binomial filter (from Rayner et al., 2003). 5 
 6 

  7 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-168 Total pages: 242 

 1 

 2 
 3 
Figure Atlas.10: Relationship between gridded precipitation dataset and three classes of input data; station, satellite 4 

and reanalysis. Input datasets are shown in green, blue shows gridded datasets that are used as input to others 5 
shown in orange. (Indasi, 2019) 6 

 7 
 8 
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 2 
Figure Atlas.11: Differences in precipitation values in the different observation datasets in Southeast Asia (from 3 

Juneng et al., 2016) 4 
  5 
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 2 
Figure Atlas.12: Similar to Figure Atlas.11 but for Africa. 3 
  4 
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 3 
Figure Atlas.13: Major non-polar CORDEX domains and topography. [This figure includes incomplete information. 4 

To be updated.] 5 
 6 
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 3 

Figure Atlas.14: (Left) Annual mean daily precipitation (mm/day) for the observational reference EWEMBI for the 4 
different AR6 WGI reference regions over Europe and Africa used for spatial aggregation of regional information 5 
in the Interactive Atlas (see Section Atlas.2 for more details). (Right) Relative Amplitude of the Annual Cycle, 6 
defined as the difference between maximum and minimum value (30-day moving window over calendar days), 7 
relative to the mean of these two values. 8 
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 2 
   3 
Figure Atlas.15: Global temperature changes projected for mid-century (left column) under RCP4.5 (top) and 8.5 4 

(bottom) compared to, in the right column, a global mean warming levels of 2°C (top) and at the end of the century 5 
under RCP8.5 emissions (bottom) from an ensemble of nine CMIP5 GCMs. Note that the future period warmings 6 
are calculated against a baseline period of 1986–2005 whereas the global mean warming level is defined with 7 
respect to a ‘pre-industrial’ baseline of 1861–1890. Thus, the other three maps would show greater warmings with 8 
respect to this earlier baseline. 9 
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 3 
Figure Atlas.16: Global average surface air temperature increases projected by nine CMIP5 models under the RCP8.5 4 

emissions scenario from 2005 to 2100 relative to a 1986–2005 baseline. 5 
  6 
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   3 
Figure Atlas.17: 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 (right) from an ensemble of nine 5 
CMIP5 GCMs. Regions are stippled where less than six out of the nine models do not agree on the sign of the 6 
change (noting that this assessment does not take into account whether the individual models’ projected changes 7 
are significant). 8 
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 2 
Figure Atlas.18: Influence of major modes of variability on regional extreme events relevant to assessing multi-hazard 3 

resilience (Steptoe et al., 2018). Ribbon colours define the driver from which they originate and their width is 4 
proportional to the correlation. Hatching represent where there is conflicting evidence for a correlation or where the 5 
driver is not directly related to the hazard and dots represent drivers that have both a positive and negative 6 
correlation with the hazard. 7 
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  3 
Figure Atlas.19: Projected changes in sea-surface temperature (top), ocean pH (middle) and dissolved oxygen (bottom) 4 

for 2081-2100 under the RCP4.5 (left column) and 8.5 (right column) emissions compared to a 1986–2005 baseline 5 
period from an ensemble of nine CMIP5 GCMs. Regions are stippled where less than six out of the nine models do 6 
not agree on the sign of the change (noting that this assessment does not take into account whether the individual 7 
models’ projected changes are significant) 8 
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 3 
Figure Atlas.20: Projected changes in the number of days per year in which the maximum temperature exceeds 35°C 4 

from an ensemble of nine CMIP5 GCMs (the ensemble mean is considered in all cases). The top/bottom rows 5 
correspond to a future mid-term period 2046–2065 (compared to 1986–2005) under the RCP4.5/8.5 emissions 6 
scenarios respectively considering the raw model data (left column) and bias corrected (EQM method) data (right 7 
column). Regions are stippled where less than six out of the nine models do not agree on the sign of the change 8 
(noting that this assessment does not take into account whether the individual models’ projected changes are 9 
significant). [The Interactive Atlas shows the results for two alternative bias correction methods; see Annex VII for 10 
more details.] 11 
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 2 
Figure Atlas.21: Koppen-Geiger climate type map of Africa (Peel et al., 2007). 3 
 4 
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 3 
Figure Atlas.22: Observed trends in annual-average near-surface temperatures (°C/century) over Africa for the period 4 

1961–2010, calculated using the method of pairwise-slopes applied to the 5° longitude × 5° latitude gridded 5 
CRUTEM4v data of CRU. The grid boxes where the trends are statistically significant according to the Spearman 6 
rank correlation test are indicated by crosses (Engelbrecht et al., 2015) 7 
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 2 
Figure Atlas.23: Time series of West Africa land area averaged seasonal temperature anomalies between 1963 and 3 

2012. Data taken from CRU TS3.22 dataset (Daron, 2014a) 4 
 5 
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 2 
Figure Atlas.24: 90th percentiles for maximum and minimum temperatures during 1986-2005 from EWEMBI, the 3 

reference dataset for ISI-MIP, which is a calibrated version of ERA-Interim (Engelbrecht et al., 2015) 4 
 5 
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 3 
Figure Atlas.25: Evaluation of precipitation-based indices for five RCMs driven by ERA-Interim (rows 2-6), in terms 4 

of relative bias with respect to the observational reference (EWEMBI) over the eight AR6 African regions. For 5 
comparison purposes, results are also shown for the driving dataset, ERA-Interim (first row). Section Atlas.3.4 6 
provides details about the RCMs, observations and indices used. 7 

 8 

  9 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-184 Total pages: 242 

 1 

 2 
 3 
Figure Atlas.26: Time series of the change in West Africa annual average temperatures from three CORDEX models 4 

analysed (see the legend). The model changes are relative to the average of the models from 1963 to 2000, while 5 
the CRU TS3.22 observational data (from 1963 to 2012) are relative to the observed 1963 to 2000 average (Daron, 6 
2014a) 7 
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 3 
Figure Atlas.27: Observed and projected temperature and precipitation change in Africa (from the AR5 WGII Chapter 4 

22 (Africa, Figure 22-1)) 5 
 6 
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 3 
Figure Atlas.28: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet days’ 4 

for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset of nine GCMs, for the reference period 5 
1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) defined as 6 
exceeding the historical P95 threshold (results shown as relative change, %). Results are shown model by model in 7 
the bottom panels, with the ensemble means shown in the upper panels. 8 
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 2 
Figure Atlas.29: Maximum surface water elevation from storm surge simulations driven by Supertyphoon Haiyan in a 3 

hypothetical natural climate without anthropogenic influence (top) compared to in the current climate (bottom). 4 
The coloured dots show inundation data collected by a field study. (Takayabu et al., 2015). 5 
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 3 
Figure Atlas.30: (a) Weather@home East Asia 50-km regional boundary (purple, with shading indicating the regional 4 

model sponge layer). The study area for the analysis is shown in green. (b) Distributions of the fractional 5 
occurrence of July Tx5x for 1987–2013 from the station data observations (Li et al., 2016) (red), HadGEM3-GA6 6 
(blue) and weather@home (yellow). For the observations and HadGEM3-GA6 a GEV fit is shown. For 7 
weather@home a normal fit is shown 8 
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 3 
Figure Atlas.31:  Return times from Historical (yellow), Historical2017 (red) and Natural2017 (green) simulations for 4 

Tx5x from (a) HadGEM3-GA6 and (b) CPDN weather@home ensemble. Both normal (dashed black) and GEV 5 
(solid black) fits are shown with the exception of ‘CPDN Historical’ where the GEV fit is poor and thus omitted 6 
from the figure. 7 
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 3 
Figure Atlas.32: The spatial distribution of the JJA total rainfall (shading) averaged over 1981–2005 derived from (a) 4 

the APHRO data set, (b) the FGOALS model (GCM), (c) the RegCM3, and (d) the FROALS model. Figure from 5 
Zou et al. (2016). 6 
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 2 
Figure Atlas.33: As in Figure Atlas.32: but for the maximum consecutive 5-day precipitation (R5d). Figure from Zou 3 

et al. (2016). 4 
 5 
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 3 
Figure Atlas.34: Extreme temperature indices for the period 1989–2010, as given by the CN051 observations (left 4 

column), the CCLM RCM (middle column), and the corresponding (CCLM-CN051) biases (right column): TNn 5 
(minimum daily Tmin), Txx (maximum daily Tmax), GSL (annual count between first span of mean temperature > 6 
5°C and first span after < 5°C), FD (annual count when the daily minimum temperature < 0°C), and SU (annual 7 
count when daily maximum temperature > 25°C) from top to bottom rows. Figure from Zhou et al. (2016b) 8 
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 3 
Figure Atlas.35: Time-latitude cross section of precipitation averaged between 110°E and 120°E from (a) TRMM 4 

observed estimates and simulated by CAM5 at (b) T42, (c) T106, and (d) T266. The bottom x axis represents the 5 
pentad number. Figure from Li et al. (2015). 6 
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 3 
Figure Atlas.36: Observed and simulated seasonal mean 2-m temperatures for the period 1989–2010, for 0.22 CCLM 4 

simulations (CCLM, top row), CCLM bias against CRU (CCLM-CRU, second row), CCLM bias against CN051 5 
(CCLM-CN051, third row) and 0.22 CCLM simulations difference against 0.44 CCLM simulations (CCLM-6 
CCLM44, bottom row). The columns from left to right are for winter (DJF), spring (MAM), summer (JJA), and 7 
autumn (SON). Figure from Zhou et al. (2016b). 8 

 9 

  10 



First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-195 Total pages: 242 

 1 

 2 
 3 
Figure Atlas.37: Spatial distributions of the projected changes to the June-July-August (JJA) mean total rainfall 4 

(PRCPTOT, mm), extreme rainfall amount indices (R5d and R95p, mm) and maximum number of consecutive dry 5 
days (CDDs, day) for the period of 2051–2070 under the RCP 8.5 scenario relative to the period of 1986–2005. 6 
Results for FGOALS-g2, RegCM3 and FROALS are shown in the left, middle and right column, respectively. 7 
Dotted areas are statistically significant at the 5% level, according to Student’s t test. Figure from Zou and Zhou 8 
(2016) 9 
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 3 
Figure Atlas.38: (a-c) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 4 

days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset (ensemble mean of nine GCMs), 5 
for the reference period 1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 period 6 
(RCP8.5) defined as exceeding the historical P95 threshold (results shown as relative change, %). Similar results in 7 
(d–f) and (g–i) for absolute daily minimum and maximum temperature amounts corresponding to the 90th 8 
percentile (P90, defining ‘warm nights’ and ‘warm days’, respectively) and the corresponding changes in frequency 9 
for the future 2081–2100 period (RCP8.5) defined as exceeding the historical P90 threshold (results shown as 10 
relative change, %). Similar analysis for other indices and scenarios (including warming levels) are available at the 11 
Interactive Atlas (http://ipcc-atlas.ifca.es) 12 
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 3 
Figure Atlas.39: Projected changes in heavy rainfall days (defined as events above the 90% percentile of daily rainfall 4 

in the model baseline simulation) in the CMIP5 ensemble for two future time periods and two emissions scenarios 5 
(RCP4.5 and 8.5) relative to a 1961–1990 baseline (Figure 21-8 in the AR5 WGII Chapter 21 Regional Context) 6 
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 3 
Figure Atlas.40: Different climate change projections simulations from CORDEX-EA in terms of RCP scenarios, 4 

GCM forcing data, and regional climate models used 5 
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Figure Atlas.41: CORDEX-SEA subregions based on historical rainfall climatology and variability (Juneng et al., 4 
2016) 5 
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 3 
Figure Atlas.42: [Placeholder: Differences in the precipitation values of the various observation datasets available for 4 

Southeast Asia from Juneng et al. (2016). (Note that differences in density, and temporal coverage will also be 5 
shown).] 6 
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Figure Atlas.43: Similarity index omega between the different CORDEX-SEA historical simulations for different 4 
temperature-based extreme indices (from Ngo-Duc et al., 2017) 5 
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 1 
Figure Atlas.44: The same as Figure Atlas.43: but for precipitation (from Ngo-Duc et al., 2017) 2 
 3 
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Figure Atlas.45: An ensemble average of the CMIP5 models (available in the Interactive Atlas) for (a) the simulation 4 
of the percentage of days when the maximum temperature exceeds 90th percentile values (TX90p) for the historical 5 
baseline period (1986–2005) and (b) the projected mid-future (2041–2060) changes, under RCP85, compared to the 6 
baseline values. Similar analysis for other indices and scenarios (including warming levels) are available at the 7 
Interactive Atlas (http://ipcc-atlas.ifca.es). 8 
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 3 
Figure Atlas.46: The same as Figure Atlas.45: but for minimum temperature (TN90p). 4 
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 3 
Figure Atlas.47: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining “very wet days” 4 

for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset, for the reference period 1986–2005. (c) 5 
Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) defined as exceeding the 6 
historical P95 threshold (results shown as relative change, %). Results are shown model by model in the bottom 7 
panels, with the ensemble means shown in the upper panels. Similar analysis for other indices and scenarios 8 
(including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 9 
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 3 
Figure Atlas.48: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining “very wet days” 4 

for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset, for the reference period 1986−2005. (c) 5 
Change in frequency of very wet days for the future 2081−2100 period (RCP8.5) defined as exceeding the 6 
historical P95 threshold (results shown as relative change, %). Results are shown model by model in the bottom 7 
panels, with the ensemble means shown in the upper panels. Similar analysis for other indices and scenarios 8 
(including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es) 9 
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 3 
Figure Atlas.49: Absolute daily maximum temperature amount corresponding to the 90th percentile (P90, in ºC) 4 

defining ‘warm days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset, for the reference 5 
period 1986–2005. (c) Change in frequency of warm days for the future 2081–2100 period (RCP8.5) defined as 6 
exceeding the historical P90 threshold (results shown as relative change, %). Results are shown model by model in 7 
the bottom panels, with the ensemble means shown in the upper panels. Similar analysis for other indices and 8 
scenarios (including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 9 
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 2 
Figure Atlas.50: Domains D1 (red), D2 (green) and D3 (blue), defined in the work of Centella-Artola et al. (2015) 3 

excluding the buffer zones. 4 
 5 
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 3 
Figure Atlas.51: Averaged winds for January, February, June and July (in columns) for the different configurations of 4 

the model tested in Martínez-Castro et al. (2016) (in rows) for the central region of the Caribbean where the 5 
Caribbean low level jet is located. The isotach intervals with more than 10 m/s are shown shaded. 6 
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 2 
Figure Atlas.52: Biases of the density of trajectories by grid points for the different model configurations used by 3 

Fuentes-Franco et al. (2017) 4 
 5 
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 3 
Figure Atlas.53: Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet days’ 4 

for (a) the observational reference (EWEMBI) and (b) the CMIP5 subset, for the reference period 1986–2005. (c) 5 
Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) defined as exceeding the 6 
historical P95 threshold (results shown as relative change, %). Results are shown model by model in the bottom 7 
panels, with the ensemble means shown in the upper panels. Similar analysis for other indices and scenarios 8 
(including warming levels) are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 9 
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 2 
Figure Atlas.54: Schematic of lower tropospheric systems over South America (Satyamurty et al., 1998). 3 
 4 
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 3 
Figure Atlas.55: Local robust trends estimated annually for the 1969–2009 period for (a) cold nights (upper left plot), 4 

cold days (upper right panel), warm nights (bottom left panel) and warm days (bottom right panel), all showing 5 
warming and (b) for annual total rainfall (upper left panel), very wet days (upper central panel), extremely wet days 6 
(upper right panel), annual maximum consecutive 5-day precipitation (bottom left panel), annual maximum 1-day 7 
precipitation (bottom central panel) and consecutive dry days (bottom right panel). [Note, here placeholder figure 8 
taken from Skansi et al. (2013). To be updated to observational reference dataset (e.g. EWEMBI or other that will 9 
be used in the Atlas).] 10 
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 3 
Figure Atlas.56: (a) Absolute daily minimum temperature amount corresponding to the 90th percentile (P90, in ºC) 4 

defining ‘warm nights’ for the observational reference (EWEMBI) and the CMIP5_subset, for the reference period 5 
1986–2005; (b) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 6 
days’ for the observational reference (EWEMBI) and the CMIP5_subset, for the reference period 1986–2005. 7 
Results are shown model by model in the bottom panels, with the ensemble means shown in the upper panels. 8 
Similar analysis for other indices and scenarios (including warming levels) are available at the Interactive Atlas 9 
(http://ipcc-atlas.ifca.es) 10 
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Figure Atlas.57: (Left) Change in frequency of warm nights for the future 2081-2100 period (RCP8.5) defined as 4 

exceeding the historical P90 threshold (results shown as relative change, %); (right) Change in frequency of very 5 
wet days for the future 2081-2100 period (RCP8.5) defined as exceeding the historical P95 threshold (results 6 
shown as relative change, %). Results are shown model by model in the bottom panels, with the ensemble means 7 
shown in the upper panels. Similar analysis for other indices and scenarios (including warming levels) are available 8 
at the Interactive Atlas (http://ipcc-atlas.ifca.es). 9 
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 3 
Figure Atlas.58: Evaluation of precipitation-based indices for five RCMs driven by ERA-Interim (rows 2-6), in terms 4 

of the relative bias with respect to the observational reference (EWEMBI) for the three European subdomains 5 
NEU, CEU and MED. For comparison purposes, results are also shown for the driving dataset, ERA-Interim (first 6 
row). See Section Atlas.3 for details on the RCMs, observations and indices used. 7 
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 3 
Figure Atlas.59: Projected changes in maximum and minimum temperature and extreme precipitation from CMIP5 for 4 

the European region, derived from the Interactive Atlas. (a-c) Daily rainfall amount corresponding to the 95th 5 
percentile (P95, in mm/day) defining ‘very wet days’ for (a) the observational reference (EWEMBI) and (b) the 6 
CMIP5 subset (ensemble mean), for the reference period 1986–2005. (c) Relative change in frequency of very wet 7 
days (days exceeding the P95 threshold) for the future 2081–2100 period (RCP8.5). Similar results in (d–f) and (g–8 
i) for absolute daily minimum and maximum temperature corresponding to the 90th percentile (P90, defining 9 
‘warm nights’ and ‘warm days’, respectively) and the corresponding changes in frequency for the 2081–2100 10 
period (RCP8.5). The corresponding results for the EURO-CORDEX dataset, as well as similar analysis for other 11 
indices, are available at the Interactive Atlas (http://ipcc-atlas.ifca.es). 12 
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 2 
Figure Atlas.60: [Placeholder for analysis to be carried out with the climate4R hub] Probability distribution functions 3 

of land fraction experiencing a certain change, compared to the reference period, for some precipitation indices 4 
under 1.5°C (black), 2°C (blue), and 3°C (red) of global mean warming, respectively. First column refers to NEU 5 
in DJF and second column to SEU in JJA. Results are shown as median (thick lines) and interquantile range (thin 6 
lines) of the individual RCMs’ probability distribution functions. Units are standard deviation of the 30-year 7 
(1981–2010) time series of the index. (From Dosio and Fischer, 2017) 8 
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 2 
Figure Atlas.61: (a) Annual averaged temperature for the continental USA. The linear trend for the entire period is 3 

0.06°C per decade. The linear trend for the 1950–2006 period is 0.15°C per decade and for the 1970–2006 period is 4 
0.31°C per decade. (b) Annual total precipitation for the continental USA, 1901–2006. The linear trend during the 5 
1901–2006 period is 4.5 mm per decade and is 12.1 mm per decade for the 1950–2006 period. The smoothed black 6 
lines were generated with a 13-point binomial filter. (Figure 1 of Easterling et al. (2007)) 7 
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 2 
Figure Atlas.62: Time series (1895–2008) of national average heavy precipitation event index (HPEI) for the entire 3 

year (annual, black) for August through October (ASO, blue), and for heavy events associated with tropical 4 
cyclones (TC, red). The HPEI is normalized such that the annual time series averages 1.0. The values for other 5 
periods indicate the fractional contribution of that season to the total (Figure 1 of Kunkel et al. (2016)) 6 
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 3 
Figure Atlas.63: Trends (in ºC/decade) in reanalyses maximum Heat Index (HImax). (a) Intermediate time period 4 

trends for NNRA1 and (b) shorter time period trends for six reanalyses (Figure 7 of Grotjahn and Huynh, 2018) 5 
 6 
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 3 
Figure Atlas.64: Subdomains used in model evaluation over North America (Figure 6 of Martynov et al., 2013).  4 
 5 
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 3 
Figure Atlas.65: Interannual correlation coefficients between precipitation and 2-m temperature in CRCM5 simulation 4 

(black bars) and the reference base of ERA-Interim, CRU TS3.10 and UDel for temperature (red bars), for (a) JJA 5 
and (b) DJF. Hollow diamonds show the correlation coefficients between the biases of simulated precipitation and 6 
2-m temperature values from corresponding reference values. (Figure 7 of Martynov et al., 2013)  7 
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 3 
Figure Atlas.66: (a) Orography and (b) cold-season rainfall (November–May, from UDEL) of the Intermountain 4 

Region. The major mountain ranges are outlined by redlines. (c) to (g) Monthly rainfall histogram of UDEL, 5 
averaged from the five regions indicated in (b), superimposed with the corresponding precipitation of the NARR 6 
(thick black line) and all RCMs (coloured lines). Note the precipitation scale in (c) is twice of that in (d) to (g). The 7 
abbreviations of the RCMs and their designated colours are indicated under (b). (Figure 1 of Wang et al., 2009) 8 
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 3 
Figure Atlas.67: Average of annual TXx difference from ANUSPLIN+Livneh in (a) CanRCM4, (b) CanRCM4-022, 4 

(c) CanRCM4-noSN, (d) CanRCM4-NCEP2, (e) CRCM5, (f) NARR, (g) ERA-Interim, (h) annual mean in 5 
ANUSPLIN + Livneh. Stippling in (a) to (g) indicates pixels where differences are not significant at the 5% 6 
significance level from a Student’s t-test. (Figure 3 of Whan and Zwiers, 2016) 7 
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 3 
Figure Atlas.68: Averages of annual Rx5day difference from ANUSPLIN + Livneh in (a) CanRCM4, (b) CanRCM4-4 

022, (c) CanRCM4-noSN, (d) CanRCM4-NCEP2, (e) CRCM5, (f) NARR, (g) ERA-Interim, (h) annual mean in 5 
ANUSPLIN + Livneh. Stippling in (a) to (g) indicates pixels where differences are not significant at the 5% 6 
significance level from a Student’s t-test. (Figure 9 of Whan and Zwiers, 2016) 7 
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 3 
Figure Atlas.69: Changes in the DJF (a–d) and JJA (e–h) average 2-m temperature in the period of 2071–2100 4 

compared to 1981–2010, for CRCM-Can (a, e), CanESM2 (b, f), CRCM-MPI (c, g) and MIP-ESM-LR (d, h) 5 
(Figure 14 of Šeparović et al., 2013) 6 
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 2 
 3 
Figure Atlas.70: Same as Figure Atlas.69: but for precipitation (Figure 15 of Šeparović et al., 2013) 4 
 5 
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 3 
Figure Atlas.71: Ensemble-averaged values of three ROS characteristics for the January–May months for the current 4 

(1976–2005) period (first column) and minimum, mean, and maximum projected changes (%) to the characteristics 5 
for the future (2041–2070) period (second–forth columns), based on the three current and six future RCM-GCM 6 
simulations, respectively. Zonally averaged values of projected changes to the three characteristics are also shown 7 
in fifth column (Figure 8 of Il Jeong and Sushama, 2018)  8 
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 3 
Figure Atlas.72: (a–c) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 4 

days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5 subset (ensemble mean), for the reference 5 
period 1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) defined as 6 
exceeding the historical P95 threshold (results shown as relative change, %). Similar results in (d–f) and (g–i) for 7 
absolute daily minimum and maximum temperature amounts corresponding to the 90th percentile (P90, defining 8 
‘warm nights’ and ‘warm days’, respectively) and the corresponding changes in frequency for the future 2081–9 
2100 period (RCP8.5) defined as exceeding the historical P90 threshold (results shown as relative change, %). 10 
Similar analysis for other indices and scenarios (including warming levels) are available at the Interactive Atlas 11 
(http://ipcc-atlas.ifca.es).   12 
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 3 
Figure Atlas.73: (a–c) Daily rainfall amount corresponding to the 95th percentile (P95, in mm/day) defining ‘very wet 4 

days’ for (a) the observational reference (EWEMBI) and (b) the CMIP5_subset (ensemble mean), for the reference 5 
period 1986–2005. (c) Change in frequency of very wet days for the future 2081–2100 period (RCP8.5) defined as 6 
exceeding the historical P95 threshold (results shown as relative change, %). Similar results in (d–f) and (g–i) for 7 
absolute daily minimum and maximum temperature amounts corresponding to the 90th percentile (P90, defining 8 
‘warm nights’ and ‘warm days’, respectively) and the corresponding changes in frequency for the future 2081–9 
2100 period (RCP8.5) defined as exceeding the historical P90 threshold (results shown as relative change, %). 10 
Similar analysis for other indices and scenarios (including warming levels) are available at the Interactive Atlas 11 
(http://ipcc-atlas.ifca.es). 12 
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 3 
Figure Atlas.74: From Medley et al., 2018. Left: Figure S12 with the annual temperature trends for 1998–2016 at 38 4 

AWS and surface stations from MET-READER (Turner et al., 2004). Right: Figure S3. Bias corrected MERRA-2 5 
(Bosilovich, 2015) trends based on comparison with the MET-READER database. Coloured circles show the 6 
observed AWS trends from the MET-READER database. The region of influence for the Kohnen AWS is outlined 7 
in red. This confirms that warming is likely occurring within the red bounds, but that it is likely not as strong as the 8 
AWS at Kohnen since the warming is strongest there. 9 
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Figure Atlas.75: Climatological mean of annual precipitation for the reference period 1986–2005 from individual 5 

RCMs (lower panel) and their ensemble mean (upper map). RCM data from Polar-CORDEX project. Similar 6 
analysis for other indices and scenarios (including warming levels) are available at the Interactive Atlas 7 
(http://ipcc-atlas.ifca.es) 8 
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 3 
Figure Atlas.76: Climatological mean of change in icing days (ID) for RCP8.5 in 2041–2060 over the reference period 4 

1986–2005 from individual RCMs (upper panel) and time series of spatially integrated indexes (lower panel). RCM 5 
data from Polar-CORDEX project. Similar analysis for other indices and scenarios (including warming levels) are 6 
available at the Interactive Atlas (http://ipcc-atlas.ifca.es) 7 
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 4 
Figure Atlas.77: Climatological mean of change in annual precipitation PRCPTOT (mm year-1) for RCP8.5 in 2041–5 

2060 over the reference period 1986–2005 from individual RCMs calculation (lower panel) and RCM ensemble 6 
mean (left upper panel) with standard deviation (right upper panel). RCM data from Polar-CORDEX project. 7 
Similar analysis for other indices and scenarios (including warming levels) are available at the Interactive Atlas 8 
(http://ipcc-atlas.ifca.es) 9 
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 4 
Figure Atlas.78: Time series of spatially integrated over Antarctic annual (lower panel) and austral summer DJF 5 

(upper panel) precipitation change (mm/day) for RCP4.5 (upper panel) and RCP8.5 (lower panel) over the 6 
reference period 1986–2005 from individual RCMs (dotted line) and RCM ensemble mean (bold blue line). RCM 7 
data from Polar-CORDEX project. Similar analysis for other indices and scenarios (including warming levels) are 8 
available at the Interactive Atlas (http://ipcc-atlas.ifca.es) 9 

 10 

  11 

http://ipcc-atlas.ifca.es/


First Order Draft Atlas IPCC AR6 WGI 

Do Not Cite, Quote or Distribute Atlas-237 Total pages: 242 

 1 

 2 
Figure Atlas.79: Number of publications on attributing extreme weather events to climate change (Schiermeier, 2018). 3 
 4 
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 3 
Figure Atlas.80: A screenshot illustrating the main window of the AR6 WGI Interactive Atlas, which displays a global 4 

map with the annual temperature climate change signal from the CMIP5 dataset for the mid-term future period. The 5 
main controls at the top of the window allow selecting the dataset (currently a global CMIP5 subset and regional 6 
EURO-, AFRICA- and ANTARCTIC-CORDEX at 0.44º), variable (atmospheric and oceanic variables and 7 
indices), scenario (currently RCP4.5 and 8.5 for different time slices and warming levels) and season (annual, 8 
standard seasons and user-defined ones). Regional information for a particular region (from a predefined number of 9 
options, currently the ‘AR6 reference regions’ for atmospheric variables and ‘Ocean biomes’ for oceanic variables) 10 
can be obtained interactively by clicking on the map over the region (or using the selector on the top) and pressing 11 
the ‘view regional information button’; see Figure Atlas.81:). Note that the full URL for this screen (as copied 12 
from the browser) tracks all the information of the default choice: http://ipcc-13 
atlas.ifca.es/#&model=CMIP5_mmm&variable=tas&scenario=rcp85&temporalFilter=year&layers=AR6&period=14 
medium&anomaly=ANOMALY&zoom=2 15 
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 2 
Figure Atlas.81: Regional information for a selected region (the Mediterranean) in the form of a time series plume for 3 

a mid-term time slice (top) and a 2ºC warming level (bottom). Note that the corresponding periods are indicated 4 
with grey shading (with intensity proportional to the number of models including each particular year for the case 5 
of the warming levels). Fine granularity is provided by hovering over a particular point, obtaining information of 6 
particular models (top panel).  7 
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 1 
Figure Atlas.82: Regional information for a selected region (the Mediterranean) in the form of scatter-plot. This 2 

product allows to select a second variable to show in the diagram (CMIP5 precipitation in this case, in addition to 3 
CMIP5 temperature originally selected) and displays the results for the three near-, mid- and long-term periods in 4 
different colours (each point represents a given model)..  5 
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 3 
Figure Atlas.83: 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 attached 5 
METACLIP metadata (METACLIP export option). The blow-up shows a specific dataset from the 9-member 6 
ensemble used to produce the map. It shows details about the dataset provenance such as its DOI identifying the 7 
source of data, the experiment (RCP 8.5), the modelling centre, GCM information, data provider and associated 8 
Project (CMIP5). The interface allows the user to expand the detail of information if needed by clicking in each of 9 
the nodes and reading the metadata in the left panel. It is also possible zooming in/out, scrolling and saving a user-10 
defined position of the graph. 11 
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Figure Atlas.84: Illustration of the provenance of an individual ‘dataset’ (corresponding to the blow-up highlighted by 3 

the red square in Figure Atlas.83:), describing its source (DOI number), data provider (ESGF), experiment (RCP 4 
8.5), modelling centre (GFDL) and GCM (ESM2M). The metadata model re-uses an existing ontology (PROV-O, 5 
prefix ‘prov:’, blue) and creates domain-specific extension for climate products via the METACLIP ontologies 6 
DATASOURCE (indicated by prefix ‘ds:’, orange) and IPCC_TERMS (‘ipcc:’, magenta). 7 
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