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Figure 7.3: Diverse cloud regimes reflect diverse meteorology. (a) A visible-wavelength geostationary satellite image
shows (from top to bottom) expanses and long arcs of cloud associated with extratropical cyclones, subtropical coastal
stratocumulus near Baja California breaking up into shallow cumulus clouds in the central Pacific, and mesoscale
convective systems outlining the Pacific intertropical convergence zone or ITCZ. (b) A schematic section through a
typical warm front of an extratropical cyclone (see orange dots in panel (a)) showing multiple layers of upper-
tropospheric ice (cirrus) and mid-tropospheric water (altostratus) cloud upwind of the frontal zone, an extensive region
of nimbostratus associated with frontal uplift and turbulence-driven boundary layer cloud in the warm sector. (c) A
schematic section along the low-level trade wind flow from a subtropical west coast of a continent to the ITCZ (see red
dots in panel (a)), showing typical low-latitude cloud types, shallow stratocumulus above the cool waters of the oceanic
upwelling zone near the coast and trapped under a strong subsidence inversion, and shallow cumulus over warmer
waters further offshore transitioning to precipitating cumulonimbus cloud systems with extensive cirrus anvils
associated with rising air motions in the ITCZ.
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Figure 7.4: (a) Annual mean cloud fractional occurrence (CloudSat/CALIPSO 2B-GEOPROF-LIDAR dataset for
2006-2011); (b) annual zonal mean liquid water path (blue shading, ocean only, O’Dell et al. (2008) microwave
radiometer dataset for 1988-2005; the 90% uncertainty range, assessed to be 70-150% of the plotted value, is
schematically indicated by the white error bar) and ice water path (grey shading, from CloudSat 2C-ICE dataset for
2006-2011; the 90% uncertainty range, assessed to be 50-200% of the plotted value, is schematically indicated by the
black error bar). (c-d) latitude-height sections of annual zonal mean cloud (including precipitation falling from cloud)
occurrence and precipitation (attenuation-corrected radar reflectivity >0 dBZ) occurrence; the latter has been doubled to

make use of a common colour scale (2B-GEOPROF-LIDAR dataset). The dashed curves show the annual-mean 0°C
and —38°C isotherms.
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Figure 7.5: (a-d) DJF mean high, middle and low cloud cover from CloudSat/CALIPSO GEOPROF dataset (2006—
2011), and 500 hPa vertical pressure velocity (colours) and GPCP precipitation (magenta contours at 3 mm day * in
dash and 7 mm day * in solid); (e-h) same as (a-d), except for JJA. For low clouds, the CALIPSO-only GOCCP dataset
is used at locations where it indicates as larger fractional cloud cover, because the GEOPROF dataset removes some
clouds with tops at altitudes below 750 m. Low cloud amounts are likely underrepresented in regions of high cloud
(Chepfer et al., 2008), although not as severely as with earlier satellite technologies.
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Figure 7.6: Distribution of annual-mean top of atmosphere (a) SWCRE, (b) LWCRE, (c) net CRE (2001-2010 average
from CERES-EBAF) and (d) precipitation (1981-2000 average from GPCP).
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Figure 7.7: Model and simulation strategy for representing the climate system and climate processes at different space
and time scales. Models are usually defined based on the range of spatial scales they represent, shown by square
brackets. The temporal scales that can be represented for a given model class can vary; for instance climate models can
be run for a few time steps, or can simulate millennia. The figure indicates the typical timescales for which a given
model is used. Computational power prevents one model from covering all time and space scales. Since the AR4 the
development of global cloud resolving models, and hybrid approaches such as the multi-scale modelling framework,
have helped fill the gap between climate system and climate process models.

Do Not Cite, Quote or Distribute 7-118 Total pages: 139



© 00 N O g~ wWwN

P
= O

Second Order Draft

Chapter 7

IPCC WGI Fifth Assessment Report

3.0
<2
¢ 0
o
@

v 0.0

€

©

o -1.0

o

S

g -2.0

b=

3

P -30
-4.0

i

TR BT

P TR B

i

| L DL

| |
SUM Ar

T
AL

!
Aa

Figure 7.8: Clear-sky feedback parameters as predicted by [CMIP3] GCMs. Black points in the centre show the total
radiative response including the Planck response, with the Planck response and individual feedbacks from water vapour
and lapse rate shown to the right in red. On the left are the equivalent three parameters calculated in an alternative,
relative humidity-based framework. In this framework the Planck stabilization and each of the two feedbacks are all
weaker and more consistent among the models. [PLACEHOLDER FOR FINAL DRAFT: Current working draft of

figure taken from Held and Shell (2012); additional data from CMIP5 TBA].
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Figure 7.9: Cloud feedback parameters as predicted by GCMs. Total feedback shown at left by black symbols, broken
out into infrared and visible components in red and blue, respectively (Zelinka et al., 2012a; Zelinka et al., 2012b).
Centre panel shows components attributable to clouds in different height ranges (see text); values reported by Soden
and Vecchi (2011) do not conform exactly to this definition but are shown for comparison, with their “mixed” category
assigned “medium”. Right panel shows components attributable to different cloud property changes (not available from
all studies).
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Figure 7.10: Robust cloud responses to greenhouse warming (those simulated by most models and possessing some
kind of independent support or understanding). Key climatological features (tropopause, freezing level, circulations) are
shown in grey. Changes anticipated in a warmer climate are shown in red (if contributing positive feedback) or brown
(if contributing little or ambiguously to feedback); no robust mechanisms contribute negative feedback. Changes
include rising high cloud tops and melting level, and increased polar cloud cover and/or optical thickness (high
confidence); broadening of the Hadley Cell and/or poleward migration of storm tracks, and narrowing of the ITCZ
(medium confidence); and reduced low-cloud amount and/or optical thickness (low confidence). Confidence
assessments are based on degree of GCM consensus, strength of independent lines of evidence from observations or
process models, and degree of basic understanding.
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Figure 7.11: Overview of atmospheric aerosol processes and environmental variables influencing aerosol-radiation and
aerosol-cloud interactions. Gas-phase processes and variables are highlighted in red while particulate-phase processes
and variables appear in green. Although this figure shows a linear chain of processes from aerosols to forcings, it is
increasingly recognized that aerosols and clouds form a coupled system with two-way interactions.
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Figure 7.12: Bar chart plots summarizing the annual, seasonal or monthly mean mass surface concentration (g m ) of
seven major aerosol components for particles with diameter smaller than 10 um, from various rural and urban sites in
six continental areas of the world with at least an entire year of data, and two marine sites. For each location, the panels
represent the median, the 25-75 percentiles (box), and the 10-90 percentiles (whiskers) for each aerosol component.
These include: 1) urban North America. (Chow et al., 1993; Ito et al., 2004; Kim et al., 2000; Liu et al., 2005; Malm
and Schichtel, 2004; Sawant et al., 2004); rural North America (Chow et al., 1993; Liu et al., 2005; Malm and
Schichtel, 2004; Malm et al., 1994); 2) marine northern hemisphere Atlantic Ocean (Ovadnevaite et al., 2011; Rinaldi et
al., 2009); 3) urban Europe (Hueglin et al., 2005; Lenschow et al., 2001; Lodhi et al., 2009; Lonati et al., 2005; Perez et
al., 2008; Putaud et al., 2004; Querol et al., 2006; Querol et al., 2008; Querol et al., 2001; Querol et al., 2004;
Rodriguez et al., 2002; Rodriguez et al., 2004; Roosli et al., 2001; Viana et al., 2006; Viana et al., 2007; Yin and
Harrison, 2008); rural Europe (Gullu et al., 2000; Hueglin et al., 2005; Kocak et al., 2007; Putaud et al., 2004; Puxbaum
et al., 2004; Querol et al., 2009; Querol et al., 2001; Querol et al., 2004; Rodriguez et al., 2002; Rodriguez et al., 2004;
Salvador et al., 2007; Theodosi et al., 2010; Viana et al., 2008; Yin and Harrison, 2008; Yttri, 2007); 4) high Asia, with
altitude larger than 1680 m. (Carrico et al., 2003; Decesari et al., 2010; Ming et al., 2007; Qu et al., 2008; Ram et al.,
2010; Rastogi and Sarin, 2005; Rengarajan et al., 2007; Shresth et al., 2000; Zhang et al., 2001; Zhang et al., 2012;
Zhang et al., 2008); urban South Asia (Chakraborty and Gupta, 2010; Khare and Baruah, 2010; Kumar et al., 2007;
Lodhi et al., 2009; Raman et al., 2010; Rastogi and Sarin, 2005; Safai et al., 2010; Stone et al., 2010); urban China
(Cheng et al., 2000; Hagler et al., 2006; Oanh et al., 2006; Wang et al., 2003; Wang et al., 2005b; Wang et al., 2006;
Xiao and Liu, 2004; Yao et al., 2002; Ye et al., 2003; Zhang et al., 2002; Zhang et al., 2012; Zhang et al., 2011); rural
China (Hagler et al., 2006; Hu et al., 2002; Zhang et al., 2012) [PANEL MISSING]; urban China (Cheng et al., 2000;
Hagler et al., 2006; Oanh et al., 2006; Wang et al., 2003; Wang et al., 2005b; Wang et al., 2006; Xiao and Liu, 2004;
Yao et al., 2002; Ye et al., 2003; Zhang et al., 2002; Zhang et al., 2012; Zhang et al., 2011); South-East and East Asia
(Han et al., 2008; Khan et al., 2010; Kim et al., 2007; Lee and Kang, 2001; Oanh et al., 2006); 5) South America
(Artaxo et al., 1998; Artaxo et al., 2002; Bourotte et al., 2007; Celis et al., 2004; Fuzzi et al., 2007; Gioda et al., 2011,
Mariani and Mello, 2007; Martin et al., 2010; Morales et al., 1998; Souza et al., 2010); 6) urban Africa (Favez et al.,
2008; Mkoma, 2008; Mkoma et al., 2009b); rural Africa (Maenhaut et al., 1996; Mkoma, 2008; Mkoma et al., 2009a;
Mkoma et al., 2009b; Nyanganyura et al., 2007; Weinstein et al., 2010); 7) marine southern hemisphere Indian Ocean
(Rinaldi et al., 2011; Sciare et al., 2009); 8) urban Oceania (Chan et al., 1997; Maenhaut et al., 2000; Radhi et al., 2010;
Wang et al., 2005a; Wang and Shooter, 2001).
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Figure 7.13: a) spatial distribution of the AOD (unitless) from the MACC model with assimilation of MODIS AOD
(Benedetti et al., 2009; Morcrette et al., 2009) for the year 2010; b) to e) latitudinal vertical cross-sections of the aerosol
extinction coefficient (km™) for four longitudinal bands (180°W to 120°W, 120°W to 60°W, 20°W to 40°E, and 60°E
to 120°E) from the CALIOP instrument (Winker et al., 2009). The black circles show the extinction scale height for
90% (top) and 63% (bottom) of the average AOD.
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Figure 7.14: Comparison of profiles of BC mass mixing ratios (ng kg ) as measured by airborne SP2 instruments

during the ARCTAS (Jacob et al., 2010), HIPPO1 (Schwarz et al., 2006; Schwarz et al., 2010) and A-FORCE (Oshima
et al., 2012) campaigns and as simulated by a range of AeroCom models. The model values are averages for the month
corresponding to each field campaign.
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Figure 7.15: The onset temperatures and relative humidities for deposition/condensation freezing and immersion
freezing for bioaerosols (Ahern et al., 2007; Diehl et al., 2001; lannone et al., 2011; Kanji et al., 2011; Mohler et al.,
2008; Mortazavi et al., 2008; von Blohn et al., 2005; Yankofsky et al., 1981), mineral dusts (Archuleta et al., 2005;
Bundke et al., 2008; Connolly et al., 2009; Cziczo et al., 2009; Field et al., 2006; Kanji and Abbatt, 2006; Kanji et al.,
2011; Knopf and Koop, 2006; Koehler et al., 2010; Kulkarni and Dobbie, 2010; Ludnd et al., 2010; Mobhler et al., 2006;
Murray et al., 2011; Niedermeier et al., 2010; Niemand et al., 2012; Roberts and Hallett, 1968; Salam et al., 2006;
Schaller and Fukuta, 1979; Welti et al., 2009; Zimmermann et al., 2008), organics (Baustian et al., 2010; Kanji et al.,
2008; Petters et al., 2009; Prenni et al., 2007; Shilling et al., 2006; Wagner et al., 2010; 2011; Wang and Knopf, 2011;
Zobrist et al., 2007), solid ammonium sulphate (Abbatt et al., 2006; Baustian et al., 2010; Mangold et al., 2005;
Shilling et al., 2006; Wise et al., 2009; 2010) and BC (soot) (Crawford et al., 2011; DeMott, 1990; DeMott et al., 1999;
Diehl and Mitra, 1998; Dymarska et al., 2006; Fornea et al., 2009; Gorbunov et al., 2001; Kanji et al., 2011; Mohler et
al., 2005), from a compilation of experimental data of sub- and super-micron aerosol particles in the literature (for
references see supplementary material). The large range of observed ice nucleation onset conditions is due to different
experimental setups, particle sizes, activated fractions and chemical composition. Only those IN species for which at
least three papers exists are shown. The solid line refers to saturation with respect to liquid water and the dashed line
refers to the homogeneous freezing of solution droplets after Koop et al. (2000). Adapted from Hoose and Md&hler
(2012).
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Figure 7.16: Schematic depicting the myriad aerosol-cloud-precipitation related processes occurring within a typical
GCM grid box. The schematic conveys the importance of considering aerosol-cloud-precipitation processes as part of
an interactive system encompassing a large range of spatiotemporal scales. Cloud types include low-level stratocumulus
and cumulus where research focuses on droplet activation, mixing, cloud scavenging, and new particle formation; ice-
phase cirrus clouds where a key issue is homogeneous freezing; and deep convective clouds where some of the key
questions relate to aerosol influences on liquid, ice, and liquid-ice pathways for precipitation formation, cold pool
formation, and scavenging. These processes influence the short- and longwave forcing of the system and hence climate.
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Figure 7.17: Annual zonal mean RFari (in W m™2) due to all anthropogenic aerosols from the different AeroCom 11
models. No adjustment for missing species in certain models has been applied. The multi-model mean is shown with a
black solid line. Adapted from Myhre et al. (2012).
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Figure 7.18: Mean (solid line), median (dashed line), one standard deviation (box) and full (min-max) range (whiskers)
for RFari (in W m™2) from different aerosol types from AeroCom Il models. The forcings are for the 1850 to 2000
period. Adapted from Myhre et al. (2012).
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Figure 7.19: Upper panel: GCM, satellite and inverse estimates of RFari, RFaci, AFaci and AFari+aci. Each symbol
represents the best estimate per model and paper as detailed in Table 7.4. The RFaci studies are divided into those from
GCMs published prior to TAR, AR4 and AR5, those including satellite data (SAT) and the inverse estimate (INV).
AFaci and AFari+aci studies from GCMs on liquid stratiform clouds are also divided into those published prior to AR4
and AR5 and from the CMIP5/ACCMIP models. GCM estimates that include adjustments beyond aci in liquid
stratifrom clouds are marked +MPC when including aci in mixed-phase clouds and are marked +CNV when including
aci in convective clouds. For RFaci from inverse estimates the range instead of the best estimate is given because it is
only one study.
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Figure 7.20: lllustration of major drivers affecting precipitation. Radiative drivers cool the atmosphere, warm the
surface, and thereby provide the energy for evaporation and condensation/precipitation. Circulations organize and
distribute precipitation. The ability of changes in the position or strength of circulation features to change the
distribution of precipitation is referred to as a dynamic effect, the ability of warmer circulations to transport more water
vapour and thereby change the amount of precipitation is referred to as a thermodynamic effect. The immediate effect
of warming, greenhouse gases, clouds and aerosols on precipitation is indicated by blue or red if their change over the
20™ century is thought to have changed a precipitation driver in a way that will increase, respectively decrease,
precipitation. Grey indicates that changes are unknown or have multiple effects of different sign.
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Figure 7.21: lllustration of the response of the large-scale overturning to increasing CO, concentrations (adapted from
Bony et al., 2012). Approximately half of the response is evident before any warming is felt, but additional warming
continues to slow down the circulation and adds linearly to the rapid adjustment. The rapid adjustment is different over
land and ocean, with the increase in CO, initially causing an intensification of the circulation over land. The robustness
of the result is illustrated by the common behaviour of 15 CMIP5 models, irrespective of the details of their
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Figure 7.22: Zonally- and annually-averaged change in surface air temperature (°C) for (a) an abrupt 4 x CO,
experiment and (b) the GeoMIP G1 experiment for 11 coupled atmosphere-ocean general circulation models. (c) and
(d) Same as (a) and (b) but for the change in precipitation (mm day ). In the GeoMIP G1 experiment (Kravitz et al.,
2011) an abrupt fourfold increase in CO, concentration is balanced by a reduction in total solar irradiance to produce a
top of atmosphere flux imbalance of less than +0.1 W m™2 during the first 10 years of the simulation. All changes are
relative to the pre-industrial control experiment and averaged over years 21-50.
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Figure 7.23: Multi-model mean of the change in surface air temperature (°C) averaged over December, January and
February months for (a) the abrupt 4 x CO, simulation and (b) the GeoMIP G1 experiment. (c-d) same as (a-b) but for
the June, July and August months. (e-h) same as (a-d) but for the change in precipitation (mm day ). All changes are
relative to the pre-industrial control experiment and averaged over years 21-50. Stippling denotes agreement on the sign
of the temperature anomaly in at least 75% of the models in panels.
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Figure 7.24: Timeseries of surface temperature (°C, left) and precipitation change (mm day *, right) for GeoMIP
experiment G2, relative to each model’s 1 x CO, reference simulation. Solid lines are simulations using SRM to
balance a 1% yr* increase in CO, concentration until year 50 after which SRM is stopped. Dashed lines are for 1% CO,
increase simulations with no SRM.
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Aerosol-radiation interactions
Scattering aerosols
o © 0 ©
e © o ©
Cooling

Aerosols scatter solar radiation.
Less solar radiation reaches the
surface, which leads to a localized
cooling.

Absorbing aerosols

o 0
o o

The atmospheric circulation and
mixing processes spread the cooling
regionally and in the vertical.

o 0
o o0

Warming

Aerosols absorb solar radiation
This heats the aerosol layer but the
surface, which receives less solar
radiation, can cool locally.

At the larger scale there is a net
warming of the surface and
atmosphere because the atmospheric
circulation and mixing processes
redistributes the thermal energy.

FAQ 7.2, Figure 1: Overview of aerosol-radiation interactions and their impact on climate. The left panels show the
instantaneous radiative effects of aerosols, while the right panels show their overall impact after the climate system has

responded to their radiative effects.
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1
Aerosol-cloud interactions
A\
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Aerosols serve as cloud condensation More aerosols result in a larger
nuclei and ice nuclei upon which liquid concentrations of smaller droplets,
droplets and ice crystals can form. leading to a brighter cloud. However
there are many other possible aerosol-
cloud-precipitation processes which
may amplify or alleviate this effect.
2
3
4 FAQ 7.2, Figure 2: Overview of aerosol-cloud interactions and their impact on climate. The left and right panels
5 represent a clean and a polluted low-level cloud, respectively.
6
7
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FAQ 7.3, Figure 1: Overview of some carbon dioxide removal methods. (a) nutrients are added to the ocean, which
increases oceanic productivity in the surface ocean and transports a fraction of the resulting biogenic carbon downward,
(b) alkalinity from solid minerals is added to the ocean, which causes more atmospheric CO, to dissolve in the ocean,
(c) the weathering rate of silicate rocks is increased, and the dissolved carbonate minerals are transported to the ocean,
(d) alkalinity from mined silicate rocks is extracted, then combined with atmospheric CO, to produce solid carbonate
minerals, (e) atmospheric CO; is captured chemically, and stored either underground or in the ocean, (f) biomass is
burned at an electric power plant with carbon capture, and the captured CO; is stored either underground or in the ocean
and (g) CO, is captured through afforestation and reforestation to be stored in land ecosystems.
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FAQ 7.3, Figure 2: Overview of some proposed solar radiation management (SRM) schemes to reflect sunlight to
space that would otherwise be absorbed. Illustrated methods, counter-clockwise from upper left, are (a) reflectors in
space, (b) aerosols in the stratosphere, (c) enhanced reflectivity of marine clouds, (d) making the ocean surface more
reflective, (e) growing more reflective crops, and (f) whitening of roofs and other built structures.
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