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Climate prediction uncertainty

Wll Pohcymakeis Summaiy 

predictions of climate change, which is reflected in the 
range of values given, further details are given in a late* 
section 

The estimates of climate change presented here are based 
on 

1) the "best-estimate" of equilibrium climate sensitivity 
(1 e the equilibrium temperature change due to a 
doubling of carbon dioxide in the atmosphere) 
obtained from model simulations, feedback analyses 
and observational considerations (see later box 
"What tools do we use9") 

n) a "box-diffusion-upwelhng" ocean-atmosphere clim-
ate model which translates the greenhouse forcing 
into the evolution of the temperature response for the 
prescribed climate sensitivity (This simple model has 
been calibrated against more complex atm-osphere-
ocean coupled GCMs for situations where the more 
complex models have been run) 

How quickly will global climate change? 
a If emissions follow a Business-as-U sual pattern 
Under the IPCC Business-as-Usual (Scenario A) emissions 
of greenhouse gases, the average rate of increase of global 
mean temperature during the next century is estimated to be 
about 0 3°C per decade (with an uncertainty range of 0 2°C 
to 0 5°C) This will result in a likely increase in global 
mean temperature of about 1°C above the present value 
(about 2°C above that in the pre-industrial period) by 2025 
and 3°C above today's (about 4°C above pre-industrial) 
before the end of the next century 

The projected temperature rise out to the year 2100, with 
high, low and best-estimate climate responses, is shown in 
Figure 8 Because of other factors which influence climate, 
we would not expect the rise to be a steady one 

The temperature rises shown above are realised temp-
eratures, at any time we would also be committed to a 
further temperature rise toward the equilibrium temperature 
(see box "Equilibrium and Realised Climate Change") For 
the Ball "best-estimate" case in the year 2030, for example, 
a further 0 9°C rise would be expected, about 0 2°C of 
which would be realised by 2050 (in addition to changes 
due to further greenhouse gas increases), the rest would 
become apparent in decades or centuries 

Even if we were able to stabilise emissions of each of the 
greenhouse gases at present day levels from now on, the 
temperature is predicted to rise by about 0 2°C per decade 
for the first few decades 

The global warming will also lead to increased global 
average precipitation and evaporation of a few percent by 
2030 Areas of sea-ice and snow are expected to diminish 

b If emissions at e subjec t to c onti ols 
Under the other IPCC emission scenarios which assume 
progressively increasing levels of controls, average rates of 
increase in global mean temperature over the next century 
are estimated to be about 0 2°C per decade (Scenario B), 
just above 0 1°C per decade (Scenario C) and about 0.1 °C 
per decade (Scenario D) The results are illustrated in 
Figure 9, with the Business-as-Usual case shown for 
comparison Only the best-estimate of the temperature rise 
is shown in each case 
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Figure 8: Simulation of the increase in global mean temperature from 1850-1990 due to observed increases in greenhouse gases, and 
predictions of the rise between 1990 and 2100 resulting from the Business-as-Usual emissions 

IPCC 1990: uncertainty 
range is 3–6 °C
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Figure 8: Simulation of the increase in global mean temperature from 1850-1990 due to observed increases in greenhouse gases, and 
predictions of the rise between 1990 and 2100 resulting from the Business-as-Usual emissions 
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Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Figure TS.8 | Observed, simulated and projected changes compared to the 1995–2014 average in four key indicators of the climate system through to 
2100 differentiated by Shared Socio-economic Pathway (SSP) scenario. The intent of this figure is to show how future emissions choices impact key, iconic large-scale 
indicators and to highlight that our collective choices matter. Past simulations are based on the Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model ensemble. 
Future projections are based on the assessed ranges based upon multiple lines of evidence for (a) global surface temperature (Cross-Section Box TS.1) and (b) global ocean heat 
content and the associated thermosteric sea level contribution to global mean sea level change (right-hand axis) using a climate model emulator (Cross-Chapter Box 7.1), and 
CMIP6 simulations for (c) Arctic September sea ice and (d) global land precipitation. Projections for SSP1-1.9 and SSP1-2.6 show that reduced greenhouse gas emissions lead 
to a stabilization of global surface temperature, Arctic sea ice area and global land precipitation over the 21st century. Projections for SSP1-2.6 show that emissions reductions 
have the potential to substantially reduce the increase in ocean heat content and thermosteric sea level rise over the 21st century but that some increase is unavoidable. The 
brackets in the x axis in panel (a) indicate assessed 20-year-mean periods. {4.3, Figure 4.2, 9.3, 9.6, Figure 9.6}

Recent and future change of four key indicators of the climate system
Atmospheric temperature, ocean heat content, Arctic summer sea ice, and land precipitation 

(b) Global ocean heat content and thermosteric sea level

Future (SSP1-1.9) mean Past (simulated); 5–95% range  
Past (observed) 

(c) Arctic September sea ice area (d) Global land precipitation
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Observational records show changes in a wide range of climate 
extremes that have been linked to human influence on the climate 
system (Table TS.2). In many cases, the frequency and intensity of 
future changes in extremes can be directly linked to the magnitude 
of future projected warming. Changes in extremes have been 
widespread over land since the 1950s, including a virtually certain 
global increase in extreme air temperatures and a likely intensification 
in global-scale extreme precipitation. It is extremely likely that 

human influence is the main contributor to the observed increase 
(decrease) in the likelihood and severity of hot (cold) extremes (Table 
TS.2). The frequency of extreme temperature and precipitation events 
in the current climate will change with warming, with warm extremes 
becoming more frequent (virtually certain), cold extremes becoming 
less frequent (extremely likely) and precipitation extremes becoming 
more frequent in most locations (very likely). {9.6.4, 11.2, 11.3, 11.4, 
11.6, 11.7, 11.8, 11.9, Box 9.2}

IPCC 2022: 
uncertainty range 
is 2.5–4.5 °C
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Figure 8: Simulation of the increase in global mean temperature from 1850-1990 due to observed increases in greenhouse gases, and 
predictions of the rise between 1990 and 2100 resulting from the Business-as-Usual emissions 
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Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Figure TS.8 | Observed, simulated and projected changes compared to the 1995–2014 average in four key indicators of the climate system through to 
2100 differentiated by Shared Socio-economic Pathway (SSP) scenario. The intent of this figure is to show how future emissions choices impact key, iconic large-scale 
indicators and to highlight that our collective choices matter. Past simulations are based on the Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model ensemble. 
Future projections are based on the assessed ranges based upon multiple lines of evidence for (a) global surface temperature (Cross-Section Box TS.1) and (b) global ocean heat 
content and the associated thermosteric sea level contribution to global mean sea level change (right-hand axis) using a climate model emulator (Cross-Chapter Box 7.1), and 
CMIP6 simulations for (c) Arctic September sea ice and (d) global land precipitation. Projections for SSP1-1.9 and SSP1-2.6 show that reduced greenhouse gas emissions lead 
to a stabilization of global surface temperature, Arctic sea ice area and global land precipitation over the 21st century. Projections for SSP1-2.6 show that emissions reductions 
have the potential to substantially reduce the increase in ocean heat content and thermosteric sea level rise over the 21st century but that some increase is unavoidable. The 
brackets in the x axis in panel (a) indicate assessed 20-year-mean periods. {4.3, Figure 4.2, 9.3, 9.6, Figure 9.6}

Recent and future change of four key indicators of the climate system
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Observational records show changes in a wide range of climate 
extremes that have been linked to human influence on the climate 
system (Table TS.2). In many cases, the frequency and intensity of 
future changes in extremes can be directly linked to the magnitude 
of future projected warming. Changes in extremes have been 
widespread over land since the 1950s, including a virtually certain 
global increase in extreme air temperatures and a likely intensification 
in global-scale extreme precipitation. It is extremely likely that 

human influence is the main contributor to the observed increase 
(decrease) in the likelihood and severity of hot (cold) extremes (Table 
TS.2). The frequency of extreme temperature and precipitation events 
in the current climate will change with warming, with warm extremes 
becoming more frequent (virtually certain), cold extremes becoming 
less frequent (extremely likely) and precipitation extremes becoming 
more frequent in most locations (very likely). {9.6.4, 11.2, 11.3, 11.4, 
11.6, 11.7, 11.8, 11.9, Box 9.2}

IPCC 2022: 
uncertainty range 
is 2.5–4.5 °C

Uncertainty in the projected 
response to business-as-usual 
emission scenarios remains 
almost unchanged for 35 years
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predictions of the rise between 1990 and 2100 resulting from the Business-as-Usual emissions 

IPCC 1990: uncertainty 
range is 3–6 °C
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Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Figure TS.8 | Observed, simulated and projected changes compared to the 1995–2014 average in four key indicators of the climate system through to 
2100 differentiated by Shared Socio-economic Pathway (SSP) scenario. The intent of this figure is to show how future emissions choices impact key, iconic large-scale 
indicators and to highlight that our collective choices matter. Past simulations are based on the Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model ensemble. 
Future projections are based on the assessed ranges based upon multiple lines of evidence for (a) global surface temperature (Cross-Section Box TS.1) and (b) global ocean heat 
content and the associated thermosteric sea level contribution to global mean sea level change (right-hand axis) using a climate model emulator (Cross-Chapter Box 7.1), and 
CMIP6 simulations for (c) Arctic September sea ice and (d) global land precipitation. Projections for SSP1-1.9 and SSP1-2.6 show that reduced greenhouse gas emissions lead 
to a stabilization of global surface temperature, Arctic sea ice area and global land precipitation over the 21st century. Projections for SSP1-2.6 show that emissions reductions 
have the potential to substantially reduce the increase in ocean heat content and thermosteric sea level rise over the 21st century but that some increase is unavoidable. The 
brackets in the x axis in panel (a) indicate assessed 20-year-mean periods. {4.3, Figure 4.2, 9.3, 9.6, Figure 9.6}
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Observational records show changes in a wide range of climate 
extremes that have been linked to human influence on the climate 
system (Table TS.2). In many cases, the frequency and intensity of 
future changes in extremes can be directly linked to the magnitude 
of future projected warming. Changes in extremes have been 
widespread over land since the 1950s, including a virtually certain 
global increase in extreme air temperatures and a likely intensification 
in global-scale extreme precipitation. It is extremely likely that 

human influence is the main contributor to the observed increase 
(decrease) in the likelihood and severity of hot (cold) extremes (Table 
TS.2). The frequency of extreme temperature and precipitation events 
in the current climate will change with warming, with warm extremes 
becoming more frequent (virtually certain), cold extremes becoming 
less frequent (extremely likely) and precipitation extremes becoming 
more frequent in most locations (very likely). {9.6.4, 11.2, 11.3, 11.4, 
11.6, 11.7, 11.8, 11.9, Box 9.2}

IPCC 2022: 
uncertainty range 
is 2.5–4.5 °C

Uncertainty in the projected 
response to business-as-usual 
emission scenarios remains 
almost unchanged for 35 years
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Climate prediction uncertainty
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predictions of climate change, which is reflected in the 
range of values given, further details are given in a late* 
section 

The estimates of climate change presented here are based 
on 

1) the "best-estimate" of equilibrium climate sensitivity 
(1 e the equilibrium temperature change due to a 
doubling of carbon dioxide in the atmosphere) 
obtained from model simulations, feedback analyses 
and observational considerations (see later box 
"What tools do we use9") 

n) a "box-diffusion-upwelhng" ocean-atmosphere clim-
ate model which translates the greenhouse forcing 
into the evolution of the temperature response for the 
prescribed climate sensitivity (This simple model has 
been calibrated against more complex atm-osphere-
ocean coupled GCMs for situations where the more 
complex models have been run) 

How quickly will global climate change? 
a If emissions follow a Business-as-U sual pattern 
Under the IPCC Business-as-Usual (Scenario A) emissions 
of greenhouse gases, the average rate of increase of global 
mean temperature during the next century is estimated to be 
about 0 3°C per decade (with an uncertainty range of 0 2°C 
to 0 5°C) This will result in a likely increase in global 
mean temperature of about 1°C above the present value 
(about 2°C above that in the pre-industrial period) by 2025 
and 3°C above today's (about 4°C above pre-industrial) 
before the end of the next century 

The projected temperature rise out to the year 2100, with 
high, low and best-estimate climate responses, is shown in 
Figure 8 Because of other factors which influence climate, 
we would not expect the rise to be a steady one 

The temperature rises shown above are realised temp-
eratures, at any time we would also be committed to a 
further temperature rise toward the equilibrium temperature 
(see box "Equilibrium and Realised Climate Change") For 
the Ball "best-estimate" case in the year 2030, for example, 
a further 0 9°C rise would be expected, about 0 2°C of 
which would be realised by 2050 (in addition to changes 
due to further greenhouse gas increases), the rest would 
become apparent in decades or centuries 

Even if we were able to stabilise emissions of each of the 
greenhouse gases at present day levels from now on, the 
temperature is predicted to rise by about 0 2°C per decade 
for the first few decades 

The global warming will also lead to increased global 
average precipitation and evaporation of a few percent by 
2030 Areas of sea-ice and snow are expected to diminish 

b If emissions at e subjec t to c onti ols 
Under the other IPCC emission scenarios which assume 
progressively increasing levels of controls, average rates of 
increase in global mean temperature over the next century 
are estimated to be about 0 2°C per decade (Scenario B), 
just above 0 1°C per decade (Scenario C) and about 0.1 °C 
per decade (Scenario D) The results are illustrated in 
Figure 9, with the Business-as-Usual case shown for 
comparison Only the best-estimate of the temperature rise 
is shown in each case 
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Figure 8: Simulation of the increase in global mean temperature from 1850-1990 due to observed increases in greenhouse gases, and 
predictions of the rise between 1990 and 2100 resulting from the Business-as-Usual emissions 

IPCC 1990: uncertainty 
range is 3–6 °C
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Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Figure TS.8 | Observed, simulated and projected changes compared to the 1995–2014 average in four key indicators of the climate system through to 
2100 differentiated by Shared Socio-economic Pathway (SSP) scenario. The intent of this figure is to show how future emissions choices impact key, iconic large-scale 
indicators and to highlight that our collective choices matter. Past simulations are based on the Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model ensemble. 
Future projections are based on the assessed ranges based upon multiple lines of evidence for (a) global surface temperature (Cross-Section Box TS.1) and (b) global ocean heat 
content and the associated thermosteric sea level contribution to global mean sea level change (right-hand axis) using a climate model emulator (Cross-Chapter Box 7.1), and 
CMIP6 simulations for (c) Arctic September sea ice and (d) global land precipitation. Projections for SSP1-1.9 and SSP1-2.6 show that reduced greenhouse gas emissions lead 
to a stabilization of global surface temperature, Arctic sea ice area and global land precipitation over the 21st century. Projections for SSP1-2.6 show that emissions reductions 
have the potential to substantially reduce the increase in ocean heat content and thermosteric sea level rise over the 21st century but that some increase is unavoidable. The 
brackets in the x axis in panel (a) indicate assessed 20-year-mean periods. {4.3, Figure 4.2, 9.3, 9.6, Figure 9.6}
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Observational records show changes in a wide range of climate 
extremes that have been linked to human influence on the climate 
system (Table TS.2). In many cases, the frequency and intensity of 
future changes in extremes can be directly linked to the magnitude 
of future projected warming. Changes in extremes have been 
widespread over land since the 1950s, including a virtually certain 
global increase in extreme air temperatures and a likely intensification 
in global-scale extreme precipitation. It is extremely likely that 

human influence is the main contributor to the observed increase 
(decrease) in the likelihood and severity of hot (cold) extremes (Table 
TS.2). The frequency of extreme temperature and precipitation events 
in the current climate will change with warming, with warm extremes 
becoming more frequent (virtually certain), cold extremes becoming 
less frequent (extremely likely) and precipitation extremes becoming 
more frequent in most locations (very likely). {9.6.4, 11.2, 11.3, 11.4, 
11.6, 11.7, 11.8, 11.9, Box 9.2}

IPCC 2022: 
uncertainty range 
is 2.5–4.5 °C

Uncertainty in the projected 
response to business-as-usual 
emission scenarios remains 
almost unchanged for 35 years
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Top: Human hair, ~100 μm diameter, 
Bottom: Typical Cloud Drop, ~20 μm 

diameter. Same length scale in images.
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๏Clouds are aggregates of water 
droplets and ice particles in the 
Earth’s atmosphere.
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๏Clouds are aggregates of water 
droplets and ice particles in the 
Earth’s atmosphere.

๏Cloud droplets range from 1–100 
μm in diameter, much smaller than 
raindrops (500 μm+ diameter).

๏Typical cloud droplets are 
considerably smaller than the 
thickness of human hair.
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droplets in a cloud is ~1 mm. 
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Mean “liquid water path” (total weight 
(gram) of liquid water in a 1 m2 air column) 

of several climate models vs MODIS satellite 
observations. Although the mean values are 
comparable, there are large differences in 

spatial distribution. (Cheng and Xu 2011)

๏Most of the water in the 
atmosphere is in vapor form

๏ The global content of water vapor 
would cover Earth’s surface with 
a 25 mm layer of liquid water

๏Cloud water would form a layer of 
only 0.08 mm thick (300x thinner 
than that for water vapor)

๏Despite the small amount of 
cloud water, clouds have 
dominant radiative effects

๏Considerable model 
disagreement on the future spatial 
distribution of clouds leads to 
uncertainties in these effects

Orders of magnitude
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Clouds, radiation and climate
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Black body radiation spectra 
for the Earth and the sun 

(Camille Hankel)

Solar radiation, 
visible, SW

heat 
radiation, LW

Reminder: Longwave (LW) vs Shortwave (SW) Radiation

๏ The wavelength of black body 
radiation emitted from an object 
depends on its temperature.  

๏ Radiation emitted from the sun 
has short wavelengths (including 
visible light, 0.4–0.7 μm), while 
radiation emitted from Earth to 
space has long wavelengths (5–
30 μm), including Infra-Red)  
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team view of the closure for the TOA radiation budget. 
The TOA imbalance in the original CERES products 
is reduced by making largest changes to account for 
the uncertainties in the CERES instrument absolute 
calibration. They also use a lower value for solar 
irradiance taken from the recent TIM observations 
(Kopp et al. 2005).

Several atlases exist of surface f lux data, but 
they are fraught with global biases of several tens 
of watts per meter squared in unconstrained VOS 
observation-based products (Grist and Josey 2003) 
that show up, especially when net surface flux fields 
are globally averaged. These include some based on 
bulk flux formulas and in situ measurements, such as 
the Southampton Oceanographic Centre (SOC) from 
Grist and Josey (2003), WHOI (Yu et al. 2004; Yu and 
Weller 2007), and satellite data, such as the HOAPS 
data, now available as HOAPS version 3 (Bentamy 
et al. 2003; Schlosser and Houser 2007). The latter 
find that space-based precipitation P and evapora-
tion E estimates are globally out of balance by about 
an unphysical 5%. There are also spurious variations 
over time as new satellites and instruments become 
part of the observing system.

Zhang et al. (2006) find uncertainties in ISCCP-FD 
surface radiative fluxes of 10–15 W m−2 that arise from 
uncertainties in both near-surface temperatures and 
tropospheric humidity. Zhang et al. (2007) computed 
surface ocean energy budgets in more detail by com-
bining radiative results from ISSCP-FD with three 

surface turbulent f lux estimates, from HOAPS-2, 
NCEP reanalyses, and WHOI (Yu et al. 2004). On 
average, the oceans surface energy flux was +21 W m−2 
(downward), indicating that major biases are present. 
They suggest that the net surface radiative heating 
may be slightly too large (Zhang et al. 2004), but also 
that latent heat flux variations are too large.

There are spurious trends in the ISCCP data (e.g., 
Dai et al. 2006) and evidence of discontinuities at 
times of satellite transitions. For instance, Zhang 
et al. (20007) report earlier excellent agreement of 
ISCCP-FD with the ERBS series of measurements 
in the tropics, including the decadal variability. 
However, the ERBS data have been reprocessed 
(Wong et al. 2006), and no significant trend now 
exists in the OLR, suggesting that the previous agree-
ment was fortuitous (Trenberth et al. 2007b).

Estimates of the implied ocean heat transport from 
the NRA, indirect residual techniques, and some 
coupled models are in reasonable agreement with 
hydrographic observations (Trenberth and Caron 
2001; Grist and Josey 2003; Trenberth and Fasullo 
2008). However, the hydrographic observations also 
contain significant uncertainties resulting from both 
large natural variability and assumptions associated 
with their indirect estimation of the heat transport, 
and these must be recognized when using them to 
evaluate the various flux products. Nevertheless, the 
ocean heat transport implied by the surface fluxes 
provides a useful metric and constraint for evaluating 

products.

THE GLOBAL MEAN 
ENERGY BUDGET. 
The results are given here 
in Table 1 for the ERBE 
period, Table 2 for the 
CERES period, and Fig. 1 
also for the CERES period. 
The tables present results 
from several sources and 
for land, ocean, and global 
domains. Slight differences 
exist in the land and ocean 
masks, so that the global 
value may consist of slight-
ly different weights for each 
component.

ERBE period results. For 
the ERBE period, Table 1 
presents results from KT97 
for comparison with those 

FIG. 1. The global annual mean Earth’s energy budget for the Mar 2000 to 
May 2004 period (W m−2). The broad arrows indicate the schematic flow of 
energy in proportion to their importance.

4 MARCH 2009|

(Trenberth et al., 2009).

Clouds, radiation and energy balance

๏ Clouds are characterized by 
two competing radiative 
effects. 

๏ On the one hand, they cool 
the Earth by shading the 
surface from shortwave solar 
radiation. 

๏ On the other, they warm the 
Earth by blocking the emission 
of longwave radiation to 
space.  
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Cloud LW emissivity vs SW albedo
๏Cloud droplet diameter: 1–100 μm

See more on scattering at  
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html 

http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html
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Cloud LW emissivity vs SW albedo
๏Cloud droplet diameter: 1–100 μm

๏ Clouds behave essentially as black bodies in 
the infrared spectrum (LW, 5–30 μm) because 
water efficiently absorbs LW radiation via its 
molecular vibration/rotation energy levels.

See more on scattering at  
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html 
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Schematic of SW Cloud Scattering

“Mie-scattering” Gustav Mie (1868–1957)
http://apollo.lsc.vsc.edu/classes/met130/notes/chapter19/mie_scatt.html 

Cloud LW emissivity vs SW albedo
๏Cloud droplet diameter: 1–100 μm

๏ Clouds behave essentially as black bodies in 
the infrared spectrum (LW, 5–30 μm) because 
water efficiently absorbs LW radiation via its 
molecular vibration/rotation energy levels.

๏ Cloud droplets of size > 0.5 μm, equal or 
larger than visible SW wavelengths (0.4–0.7 
μm) “Mie-scatter” visible SW, in all directions, 
including forward, with no wavelength 
dependence. Clouds don't absorb SW, as 
water is transparent to it.

See more on scattering at  
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html 

https://web.mst.edu/~gbert/Color_Lg/spec/Aspec.html 

0.4            0.5              0.6            0.7 μm

http://apollo.lsc.vsc.edu/classes/met130/notes/chapter19/mie_scatt.html
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html
https://web.mst.edu/~gbert/Color_Lg/spec/Aspec.html
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“Mie-scattering” Gustav Mie (1868–1957)
http://apollo.lsc.vsc.edu/classes/met130/notes/chapter19/mie_scatt.html 

Cloud LW emissivity vs SW albedo
๏Cloud droplet diameter: 1–100 μm

๏ Clouds behave essentially as black bodies in 
the infrared spectrum (LW, 5–30 μm) because 
water efficiently absorbs LW radiation via its 
molecular vibration/rotation energy levels.

๏ Cloud droplets of size > 0.5 μm, equal or 
larger than visible SW wavelengths (0.4–0.7 
μm) “Mie-scatter” visible SW, in all directions, 
including forward, with no wavelength 
dependence. Clouds don't absorb SW, as 
water is transparent to it.

๏ For a given amount of cloud water, smaller 
cloud droplets (as long as ) will yield 
more SW scattering cross-section. ➨ Small 
droplets scatter more efficiently!

r/λ ≳ 1

See more on scattering at  
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html 

https://web.mst.edu/~gbert/Color_Lg/spec/Aspec.html 
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Schematic of SW Cloud Scattering

“Mie-scattering” Gustav Mie (1868–1957)
http://apollo.lsc.vsc.edu/classes/met130/notes/chapter19/mie_scatt.html 

Cloud LW emissivity vs SW albedo
๏Cloud droplet diameter: 1–100 μm

๏ Clouds behave essentially as black bodies in 
the infrared spectrum (LW, 5–30 μm) because 
water efficiently absorbs LW radiation via its 
molecular vibration/rotation energy levels.

๏ Cloud droplets of size > 0.5 μm, equal or 
larger than visible SW wavelengths (0.4–0.7 
μm) “Mie-scatter” visible SW, in all directions, 
including forward, with no wavelength 
dependence. Clouds don't absorb SW, as 
water is transparent to it.

๏ For a given amount of cloud water, smaller 
cloud droplets (as long as ) will yield 
more SW scattering cross-section. ➨ Small 
droplets scatter more efficiently!

r/λ ≳ 1

๏ Rayleigh Scattering: by molecules, smaller 
than wavelengths. Wavelength dependence is

: blue scattered more efficiently than red.1/λ4
See more on scattering at  
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html 

https://web.mst.edu/~gbert/Color_Lg/spec/Aspec.html 
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๏ LW CRE (emissivity, greenhouse!), units: W/m2:
CRELW = LWwith clouds − LWwithout clouds

๏ Typically evaluated at the surface or at the top of the atmosphere

๏ LW without clouds is calculated using a radiation model, yet the 
uncertainty is not large.

๏Similarly, for SW CRE (albedo!):

CRESW = SWwith clouds − SWwithout clouds
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: a warming effect (~25 W/m2), : cooling (~50 W/m2).CRELW CRESW
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๏ LW CRE (emissivity, greenhouse!), units: W/m2:
CRELW = LWwith clouds − LWwithout clouds

๏ Typically evaluated at the surface or at the top of the atmosphere

๏ LW without clouds is calculated using a radiation model, yet the 
uncertainty is not large.

๏Similarly, for SW CRE (albedo!):

CRESW = SWwith clouds − SWwithout clouds

: a warming effect (~25 W/m2), : cooling (~50 W/m2).CRELW CRESW

The sum of longwave and shortwave radiative effect is the “net cloud 
radiative effect.”
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workshop #1 
Clouds radiative effect and climate sensitivity in climate models
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workshop #1 
Clouds radiative effect and climate sensitivity in climate models

axes[2,1].set_extent([0, 3600, -90, 90], crs=ccrs.PlateCarree())
axes[2,1].coastlines(resolution='110m')
axes[2,1].gridlines()
c=axes[2,1].contourf(clouds_Hadley_longitude,clouds_Hadley_latitude \

, clouds_Hadley_rcp85-clouds_Hadley_historical\
,contour_levels_diff,cmap='bwr')

clb=plt.colorbar(c, shrink=0.95, pad=0.02,ax=axes[2,1])
clb.set_label('Cloud fraction %')
axes[2,1].set_title('clouds Hadley rcp8.5$-$historical')

# finalize and show plot:
plt.subplots_adjust(top=0.92, bottom=0.08, left=0.01, right=0.95 \

, hspace=0.15,wspace=-0.4)
plt.show()

Next, temperature and CRE (three contour plots for each of the two models):
(d) The global distribution of the change in surface air temperature (SAT) between the prein-
dustrial state (often referred to as historical and representing year 1850) and the RCP8.5
scenario at 2100: SAT =SATRCP8.5 −SAT historical.

(e) Change in LW CRE:  CRELW =CRELW,RCP8.5 −CRELW,historical.

(f) Change in SW CRE.
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workshop #1 
Clouds radiative effect and climate sensitivity in climate models

2) Convection and cloud formation: Consider an atmospheric vertical tempera-
ture profile with a prescribed lapse rate of 6.5 K/km and an air parcel starting
at the surface with a temperature equal to that of the atmospheric profile there
and at 70% saturation.
First, some preliminaries:

[6]: # PHYSICAL CONSTANTS
PZERO = 101325.0 # sea-level pressure, N/sq.m
g = 9.81 # gravity
R_water = 461.52 # gas constant J/kg/K
R_dry = 287 # gas constant J/kg/K
cp_dry = 1005 # J/kg/K
L = 24.93e5 # latent heat J/kg (vaporization at t.p.)
print("pressure scale height for Tbar=260 K is",R_dry*260/g)

def SimpleAtmosphere(z):
""" Compute temperature as a function of height in a simplified
standard atmosphere.
Correct to 20 km. Approximate thereafter.
Input: z, geometric altitude, m.
Output: std. temperature
"""
TZERO = 298.15 # sea-level temperature, Kelvin

if z<11000.0: # troposphere
T_a=(298.15-6.5*z/1000)/298.15
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https://phys.org/news/2013-02-dries-clouds-
gobbling-vapor-scientists.html / NASA

A view from the International Space Station of clouds over the 
Pacific Ocean, in January 2013. (NASA/Reuters/Handout)

Shortwave Cloud Radiative Effect
๏ Clouds absorb very little shortwave radiation. They either reflect or transmit/scatter. 

https://phys.org/news/2013-02-dries-clouds-gobbling-vapor-scientists.html
https://phys.org/news/2013-02-dries-clouds-gobbling-vapor-scientists.html
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Stratocumulus: low (lowest 2 km) clouds; 
high SW albedo, small LW CRE composed 
of water; have a net cooling effect.

cirrus: high (>6 km) clouds; low SW 
albedo, large LW emissivity, composed 
of ice; have a net warming effect.
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Shortwave Cloud Radiative Effect
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Stratocumulus: low (lowest 2 km) clouds; 
high SW albedo, small LW CRE composed 
of water; have a net cooling effect.

cirrus: high (>6 km) clouds; low SW 
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Shortwave Cloud Radiative Effect
๏ Clouds absorb very little shortwave radiation. They either reflect or transmit/scatter. 
๏ Low stratocumulus clouds have high albedo but a weak LW CRE.
๏Wispy, high ice clouds, such as cirrus: have a low SW albedo but a large LW CRE.
๏ Reduction in insolation due to cloud albedo = “shortwave cloud radiative effect.” 
๏ Clouds roughly double Earth’s global albedo, from 0.15 to around 0.3. 
๏ Globally, clouds reduce the absorbed SW radiation by about 47 W/m2

https://phys.org/news/2013-02-dries-clouds-gobbling-vapor-scientists.html
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Longwave Cloud Radiative Effect
๏Clouds effectively absorb LW radiation rather than reflect it. 

Stratocumulus: low (lowest 2 km) clouds; 
high SW albedo, small LW CRE composed 
of water; have a net cooling effect.

cirrus: high (>6 km) clouds; low SW 
albedo, large LW emissivity, composed 
of ice; have a net warming effect.

https://phys.org/news/2013-02-dries-clouds-
gobbling-vapor-scientists.html / NASA

A view from the International Space Station of clouds over the 
Pacific Ocean, in January 2013. (NASA/Reuters/Handout)
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Longwave Cloud Radiative Effect
๏Clouds effectively absorb LW radiation rather than reflect it. 
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of ice; have a net warming effect.
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Longwave Cloud Radiative Effect
๏Clouds effectively absorb LW radiation rather than reflect it. 
๏Emissivity: effectiveness at emitting/absorbing radiation relative to a black body. 
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simulations  
(Romps 
2011)

CRE summary: high cloud warming vs. low cloud cooling
๏ SW CRE (albedo) is controlled by cloud particle size and cloud water or ice content  Low 

clouds, with high water content and many small droplets, have a high albedo.
⇒
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In this section, we seek an IPAT-like formula for local
and global precipitation fluxes. We will begin by deriv-
ing the condensation rate within a small Lagrangian
parcel of condensing cloud. Let us define the condensa-
tion rate c (kg m23 s21) to be the nonnegative micro-
physical sink of water vapor, either through condensation
or deposition. By definition, c is zero where there is a net
microphysical source of water vapor. To first approxi-
mation, c in a condensing parcel can be described by one-
dimensional advection:

c 5! d

dt
(qyr) ’ rw

›qy

›z
.

This is only approximate because we have neglected
diffusion, horizontal advection, and storage. To account
for this, we define !c as the condensation efficiency,
given by the ratio of c to 2rw›qy /›z, which we expect
will be close to one for a condensing parcel. With these
definitions, an IPAT equation for the parcel’s conden-
sation rate would be

c 5 !c !
›qy

›z

! "
rw (for a condensing parcel). (1)

For our purposes, parcel-by-parcel statistics pro-
vide much more information than we need. Since the

FIG. 1. For 140 (blue), 280 (black), and 560 ppmv (red), the (top left) mean temperature, (top right) mean tem-
perature anomaly from the 140-ppmv case, (bottom left) mean relative humidity, and (bottom right) buoyancy of
a parcel lifted—adiabatically and with the latent heat of fusion—through the mean sounding from 100 m. The gray
lines are the mean annual profiles over Manus obtained from ARM soundings and, for the temperature anomaly,
from 10 pairs (modern and doubled CO2) of IPCC GCM runs.
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CRE summary: high cloud warming vs. low cloud cooling
๏ SW CRE (albedo) is controlled by cloud particle size and cloud water or ice content  Low 

clouds, with high water content and many small droplets, have a high albedo.
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๏ Low clouds radiate at a temperature close to the surface temperature, radiate upward 
most of the heat emitted by the surface, and thus have little LW CRE. 
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CRE summary: high cloud warming vs. low cloud cooling
๏ SW CRE (albedo) is controlled by cloud particle size and cloud water or ice content  Low 

clouds, with high water content and many small droplets, have a high albedo.
⇒

๏ Low clouds radiate at a temperature close to the surface temperature, radiate upward 
most of the heat emitted by the surface, and thus have little LW CRE. 

๏ Because it takes little water for a cloud to behave as a black body, LW CRE is primarily a 
function of cloud height. High clouds, radiate at a very low temperature and have a 
strong longwave warming CRE.
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effect of clouds on the current climate. Owing to the large magnitudes 
of the SWCRE and LWCRE, clouds have the potential to cause signifi-
cant climate feedback (Section 7.2.5). The sign of this feedback on cli-
mate change cannot be determined from the sign of CRE in the current 
climate, but depends instead on how climate-sensitive the properties 
are that govern the LWCRE and SWCRE. 

The regional patterns of annual-mean TOA CRE (Figure 7.7a, b) reflect 
those of the altitude-dependent cloud distributions. High clouds, which 
are cold compared to the clear-sky radiating temperature, dominate 
patterns of LWCRE, while the SWCRE is sensitive to optically thick 
clouds at all altitudes. SWCRE also depends on the available sunlight, 
so for example is sensitive to the diurnal and seasonal cycles of cloud-
iness. Regions of deep, thick cloud with large positive LWCRE and 
large negative SWCRE tend to accompany precipitation (Figure 7.7d), 
showing their intimate connection with the hydrological cycle. The net 
CRE is negative over most of the globe and most negative in regions 
of very extensive low-lying reflective stratus and stratocumulus cloud 
such as the mid-latitude and eastern subtropical oceans, where SWCRE 
is strong but LWCRE is weak (Figure 7.7c). In these regions, the spatial 
distribution of net CRE on seasonal time scales correlates strongly with 
measures of low-level stability or inversion strength (Klein and Hart-
mann, 1993; Williams et al., 2006; Wood and Bretherton, 2006; Zhang 
et al., 2010). 

Clouds also exert a CRE at the surface and within the troposphere, thus 
affecting the hydrological cycle and circulation (Section 7.6), though 
this aspect of CRE has received less attention. The net downward flux 
of radiation at the surface is sensitive to the vertical and horizontal 
distribution of clouds. It has been estimated more accurately through 
radiation budget measurements and cloud profiling (Kato et al., 2011). 
Based on these observations, the global mean surface downward long-
wave flux is about 10 W m–2 larger than the average in climate models, 
probably due to insufficient model-simulated cloud cover or lower 
tropospheric moisture (Stephens et al., 2012). This is consistent with a 
global mean precipitation rate in the real world somewhat larger than 
current observational estimates. 

7.2.2 Cloud Process Modelling

Cloud formation processes span scales from the sub-micrometre scale 
of CCN, to cloud-system scales of up to thousands of kilometres. This 
range of scales is impossible to resolve with numerical simulations 
on computers, and this is not expected to change in the foreseeable 
future. Nonetheless progress has been made through a variety of mod-
elling strategies, which are outlined briefly in this section, followed by 
a discussion in Section 7.2.3 of developments in representing clouds 
in global models. The implications of these discussions are synthesized 
in Section 7.2.3.5.

7.2.2.1 Explicit Simulations in Small Domains

High-resolution models in small domains have been widely used to 
simulate interactions of turbulence with various types of clouds. The 
grid spacing is chosen to be small enough to resolve explicitly the dom-
inant turbulent eddies that drive cloud heterogeneity, with the effects 
of smaller-scale phenomena parameterized. Such models can be run in 
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Figure 7.7 |  Distribution of annual-mean top of the atmosphere (a) shortwave, (b) 
longwave, (c) net cloud radiative effects averaged over the period 2001–2011 from 
the Clouds and the Earth’s Radiant Energy System (CERES) Energy Balanced and Filled 
(EBAF) Ed2.6r data set (Loeb et al., 2009) and (d) precipitation rate (1981–2000 aver-
age from the GPCP version 2.2 data set; Adler et al., 2003).
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radiative effects averaged over the period 2001–2011 
from the Clouds and the Earth’s Radiant Energy 
System (CERES) Energy Balanced and Filled (EBAF) 
Ed2.6r data set (Loeb et al., 2009) and (d) 
precipitation rate (1981–2000 average from the GPCP 
version 2.2 data set; Adler et al., 2003).

IPCC AR5, 2013

Longwave vs Shortwave Cloud Radiative Effect 

The sum of longwave and shortwave 
radiative effect is the “net cloud 
radiative effect” (CRE).
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Schematic of Cloud Formation

https://blogs.agu.org/wildwildscience/
2011/10/13/the-kentucky-smudge-explained/ 

https://www.youtube.com/watch?v=XH_M4jItiKw 

๏ Clouds generally form in rising air (updraft).

How do clouds form?

https://blogs.agu.org/wildwildscience/2011/10/13/the-kentucky-smudge-explained/
https://blogs.agu.org/wildwildscience/2011/10/13/the-kentucky-smudge-explained/
https://www.youtube.com/watch?v=XH_M4jItiKw
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atmosphere, when air flows upward when encountering a cold front, in air flow
over mountains, or when air overlying warm surface land or ocean is heated
by the surface, becomes buoyant (lighter), and rises. The condensation releases
latentheat, heating theparcel andmaking itmorebuoyant, forcing it to rise again.
This leads to a positive feedback that causes the parcel to continue on its path
upward to more condensation and more lifting. The entire process is referred to
asmoist atmospheric convection.

Calculating the temperature and humidity of a rising air parcel

The temperature profile of a lifted parcel, and the corresponding condensation
and cloud formation, may be calculated using a simple energy conservation
argument.This can be expressed usingmoist static energy (MSE), which is a ther-
modynamic variable that represents the energy per unitmass of amoist air parcel
and is conserved when the parcel is lifted adiabatically in the atmosphere. MSE
is given by

MSED cpT.z/ C Lq.z/ C gz:

The three terms correspond to the internal energy (cpT) due to the parcel tem-
perature (T, measured in K), with cp ( J/K/kg) the specific heat for constant
pressure; the potential energy (gz) due to the parcel height (z, m) and grav-
ity (g, m/s2); and the latent heat of evaporation/ condensation (Lq), taking
into account the potential to produce heat by condensing the moisture given
by the specific humidity q (kg moisture per kg moist air), based on the latent
heat of condensation, L ( J/kg). MSE conservation is simply a statement of the
conservation of energy of an adiabatically raised air parcel.

WenowuseMSEconservation to calculate the temperature profile of a lifted
parcel starting at the surface, at a height of zD 0, with a surface temperature Ts,
surface specific humidity qs, and therefore a surfaceMSE ofMSEs D cpTs C Lqs.
Typically, the surface air is not saturated, and the surface relative humidity is
RHs D qs=q⇤.Ts; ps/ < 1, where ps is the surface pressure. Initially, as the par-
cel is lifted to a low level z and cools to a temperature T.z/, the saturation
specific humidity q⇤.T.z/; p.z// remains larger than the specific humidity of
the parcel, qs, and therefore no condensation occurs and the specific humidity
does not change. The temperature of the rising parcel can then be calculated by
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using the fact that its MSE at a level z is equal to its original MSE at the sur-
face, or MSE.z/ DMSEs, written explicitly as cpT.z/ C Lqs C gzD cpTs C Lqs.
This takes the reduced formDSE.z/ D cpT.z/ C gzD cpTs DDSEs, where DSE
is the dry static energy that is conserved in an adiabatic process as long as there is
no phase change (evaporation or condensation) of water in the parcel.This con-
servationof dry static energy leads to the temperature profile for the rising parcel
T.z/ DTs � gz=cp, reflecting a cooling with height (known as the dry adiabatic
lapse rate) of dT=dzD �g=cp D �9:8 K/km.

The rising-induced cooling eventually leads the parcel to a temperatureT.z/
at which the parcel is saturated, qs D q⇤.T.z/; p.z//. MSE is still conserved,
but upon further cooling some water vapor must condense so that the specific
humidity does not exceed its saturation value, q.z/ D q⇤.T.z/; p.z//. The tem-
perature is calculated again via the energy conservation statement MSE.z/ D
MSEs, which now takes the form

cpT.z/ C Lq⇤.T.z/; p.z// C gzDMSEs:

This is a nonlinear equation for the temperature T, given that the saturation
specific humidity depends nonlinearly on T via the Clausius-Clapeyron rela-
tion (Box 2.1). As the air parcel continues to rise and cool after the saturation
level is reached, the specific humidity q.z/nowdecreaseswith height, remaining
equal to the saturation specifichumidity of theparcel at each level.The reduction
in specific humidity reflects a conversion of energy from latent heat to inter-
nal energy, which reduces the rate of cooling as the parcel ascends. The rate of
cooling with height is now referred to as themoist adiabatic lapse rate.

Both the initial unsaturated and later saturatedphases of the air-parcel ascent
may be calculated by writing the MSE conservation as

MSEs D cpT.z/ C Lmin .qs; q⇤.T.z/; p.z/// C gz (7.1)

and solving this nonlinear equation for the temperature T at each vertical level
z. The equation can be solved graphically by plotting the LHS and RHS as a
function of T and finding the value of T for which they are equal (Figure 7.1).
Alternatively, we can use a root finder routine to calculate T for which the dif-
ference between the RHS and LHS vanishes. Note that in equation (7.1), the
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atmosphere, when air flows upward when encountering a cold front, in air flow
over mountains, or when air overlying warm surface land or ocean is heated
by the surface, becomes buoyant (lighter), and rises. The condensation releases
latentheat, heating theparcel andmaking itmorebuoyant, forcing it to rise again.
This leads to a positive feedback that causes the parcel to continue on its path
upward to more condensation and more lifting. The entire process is referred to
asmoist atmospheric convection.

Calculating the temperature and humidity of a rising air parcel

The temperature profile of a lifted parcel, and the corresponding condensation
and cloud formation, may be calculated using a simple energy conservation
argument.This can be expressed usingmoist static energy (MSE), which is a ther-
modynamic variable that represents the energy per unitmass of amoist air parcel
and is conserved when the parcel is lifted adiabatically in the atmosphere. MSE
is given by
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perature (T, measured in K), with cp ( J/K/kg) the specific heat for constant
pressure; the potential energy (gz) due to the parcel height (z, m) and grav-
ity (g, m/s2); and the latent heat of evaporation/ condensation (Lq), taking
into account the potential to produce heat by condensing the moisture given
by the specific humidity q (kg moisture per kg moist air), based on the latent
heat of condensation, L ( J/kg). MSE conservation is simply a statement of the
conservation of energy of an adiabatically raised air parcel.

WenowuseMSEconservation to calculate the temperature profile of a lifted
parcel starting at the surface, at a height of zD 0, with a surface temperature Ts,
surface specific humidity qs, and therefore a surfaceMSE ofMSEs D cpTs C Lqs.
Typically, the surface air is not saturated, and the surface relative humidity is
RHs D qs=q⇤.Ts; ps/ < 1, where ps is the surface pressure. Initially, as the par-
cel is lifted to a low level z and cools to a temperature T.z/, the saturation
specific humidity q⇤.T.z/; p.z// remains larger than the specific humidity of
the parcel, qs, and therefore no condensation occurs and the specific humidity
does not change. The temperature of the rising parcel can then be calculated by
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The parcel keeps rising & cooling, until the saturation moisture is smaller 
than the parcel’s moisture & condensation occurs, . 
The conservation law is 
which may be solved graphically for .
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in specific humidity reflects a conversion of energy from latent heat to inter-
nal energy, which reduces the rate of cooling as the parcel ascends. The rate of
cooling with height is now referred to as themoist adiabatic lapse rate.

Both the initial unsaturated and later saturatedphases of the air-parcel ascent
may be calculated by writing the MSE conservation as

MSEs D cpT.z/ C Lmin .qs; q⇤.T.z/; p.z/// C gz (7.1)

and solving this nonlinear equation for the temperature T at each vertical level
z. The equation can be solved graphically by plotting the LHS and RHS as a
function of T and finding the value of T for which they are equal (Figure 7.1).
Alternatively, we can use a root finder routine to calculate T for which the dif-
ference between the RHS and LHS vanishes. Note that in equation (7.1), the
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To solve, need to find  from the vertical momentum (hydrostatic) 
balance for an air parcel: . Using  this  
becomes                              , or                                   
. 
Integrating, we find                                           , 

so that 
➨ pressure is exponential in height. 

p(z)
dp/dz = − ρg ρ = p/(RT)

d ln p = − (g/RT ) dz
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---+1

Using the ideal gas law, ⇢ D p=.RT/, with R the specific gas constant for dry air,
R D 287 J/(kg K), this may be written as dp=dzD �pg=RT. The last equation
may be further rewritten as d log pD �g=RTdz. The tropospheric temperature
typically varies between220Kand300K,not a large range relative to its absolute
magnitude. Setting the temperature therefore to be a constant approximately
equal to its averaged value, say NT D 260K, and integrating the last equation from
the surface where zD 0 to z, we find ln p.z/ � ln ps D �gz=R NT, where ps is the
surface pressure. This yields an exponentially decaying pressure with height,

p.z/ D pse�gz=.R NT/;

where the decay scale R NT=g is referred to as the scale height of an atmosphere
and is roughly 7–8 km on Earth.

Stages in moist convection. The temperature profiles of three parcels starting
with different surface RH values are in Figure 7.2, where the assumed atmo-
spheric temperature profile through which the parcels are rising is shown by the
dashed line. Consider first the orange curve in Figure 7.2a, corresponding to an
initial surface RH of 70% and an initial temperature equal to that of the environ-
ment (thedashedandorange lines coincide at the surface). Initially, the adiabatic
cooling makes the parcel colder than its environment and hence denser. It must
therefore be forced to rise by one of the factors mentioned above. At around 1
km, the parcel reaches saturation and begins to condense (this is the lift conden-
sation level, LCL), and its temperature begins to decrease less rapidly with height
than before due to the latent heat release. At around zD 2 km, where the orange
curve crosses the dashed line corresponding to the environmental temperature
profile, the parcel is finally warmer and therefore lighter than its surroundings
(level of free convection, LFC). It can now rise on its own (free convection, where
the vertical rising does not need to be forced) until the orange and dashed lines
intersect once again at around zD 10 km (the level of neutral buoyancy, LNB),
typically condensing all of its water vapor along the way. At the LNB, there is
a horizontal outflow from the convecting column. This outflow carries with it
some condensed water (in the form of ice particles) and can create extended
surrounding regions of high clouds such as anvil and cirrus clouds that strongly
enhance the atmospheric greenhouse effect.
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Figure 7.1:A graphical solution of moist static energy conservation.
The RHS and LHS of the moist static energy conservation eqn (7.1) plotted as a function of
temperature (divided by cp so that they have units of temperature Kelvin). The initial parcel is
assumed to have a temperature of 280 K and a relative humidity of 80%, and the level to which
it is raised, where the energy conservation is evaluated, is zD 3000 m. The crossing point is at
a temperature T ⇡ 258 K that satisfies the conservation equation and therefore represents the
temperature of a moist parcel adiabatically raised to this level.

saturation humidity q⇤.T; p/ depends not only on the unknown temperature
of the parcel but also on the pressure of the parcel’s surroundings, p.z/, that is
calculated next.

The atmospheric vertical pressure profile

Theatmospheric vertical pressure profile, p.z/, may be approximated by consid-
ering the vertical force balance of a parcel of air between the heights of z and
zC �z. The parcel is pushed upward by the force per unit area due to the pres-
sure at its lower face, equal to p.z/, and is pushed downward at its upper part by
p.zC �z/.Thenet pressure force per unit area is therefore p.z/ � p.zC �z/ ⇡
�.dp=dz/�z and is upward, as the pressure decreases with height. This force
maybe assumed to a goodapproximation tobebalancedby theweightof thepar-
cel per unit area, givenby�.�z⇢/g, where⇢ is theparcel density, .�z⇢/ itsmass
per unit area, and g the gravitational acceleration. The condition that these two
forces sum to zero, so that the parcel does not accelerate upward or downward,
is referred to as the hydrostatic balance and gives the hydrostatic equation

dp
dz

D �⇢g:
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Moist Convection: LCL and LFC

LCL

LFC LCL

LCL: Lift Condensation Level, where 
condensation starts 
LFC: Level of Free Convection: where 
the air parcel starts rising on its own 
LNB: Level of Neutral Buoyancy: 
parcel stops rising & leaves the cloud

LNB
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Cloud Microphysics
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๏Cloud formation depends on processes on the scale of cloud hydrometeors (water 

droplets, ice crystals, aggregates, graupel, hail), referred to as cloud microphysics. 

WANG Hao 
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๏Uncertainty increases because we need to estimate the distribution of aerosol sizes 

& their phase (water/ice), which strongly affects cloud SW albedo & LW emissivity.
๏Further uncertainty due to radiative effects: Aerosols absorb/ reflect sunlight (direct 

effects) & affect the number/size of cloud droplets/ice particles, and therefore the 
radiative effects of clouds (the indirect effect). 

WANG Hao 

https://english.cas.cn/newsroom/research_news/earth/202101/t20210105_261302.shtml

Scanning electron microscope images (not same scale) of aerosols. volcanic ash, pollen, sea salt, 
and soot. NASA, from USGS, UMBC, (Chere Petty), Arizona State Univ (Peter Buseck)  
https://scied.ucar.edu/learning-zone/air-quality/aerosols

https://english.cas.cn/newsroom/research_news/earth/202101/t20210105_261302.shtml
https://scied.ucar.edu/learning-zone/air-quality/aerosols
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๏Clouds dissipation occurs both via droplets/ ice crystals falling toward 
the ground and via the continuous evaporation of droplets. 

๏ Timelapse of clouds (2 hours of footage in 2 minutes):

https://www.youtube.com/watch?v=Qu7mcKZgqv0 

Life cycle of a cloud

Note the complex evolution, and the small scale relative to climate 
model’s grid scale, leading to the large uncertainty

https://www.youtube.com/watch?v=Qu7mcKZgqv0
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๏ Timelapse of clouds (2 hours of footage in 2 minutes):
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Life cycle of a cloud
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model’s grid scale, leading to the large uncertainty
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Cloud types: high vs low, water vs ice
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Figure 5 Example of a region of open cellular convection (dark cell interiors, with
bright cell walls) embedded in a broader region of closed cellular convection (bright
cells with darkened cell walls). Open cellular regions have scales ranging from 5–50 km
and have been hypothesized to be envelopes where drizzle is more prevalent.

clouds were prevalent in conditions where the CTEI hypothesis would predict
their demise (Kuo & Schubert 1988, Albrecht 1991), leading to refined arguments
and more stringent criteria for cloud dissolution (MacVean & Mason 1990, Siems
& Bretherton 1992, Duynkerke 1993). Although none of these measures has proven
to provide a compelling ordering of the data, the more stringent criteria tend to
perform better. More recent observational data (De Roode & Duynkerke 1997) and
simulations (Lewellen & Lewellen 1998, Moeng 2000) lead to renewed interest in
the original CTEI formulation, but analysis of yet more recent measurements for
which κ > κ∗ is accompanied by a thickening of the cloud seems to indicate that
at the very least CTEI is not a sufficient condition for cloud desiccation (Stevens
et al. 2003).

In the past decade, theoretical work (Krueger et al. 1995, Bretherton & Wyant
1997, Stevens 2000, Lewellen & Lewellen 2002) has turned away from CTEI and
begun to focus on a broader account of the energetics, hypothesizing instead that
as nonradiative forcings begin to dominate the energetics of the stratocumulus-
topped boundary layer the cloud can begin to entrain sufficiently large amounts
of air to negate the radiative cooling, thereby requiring work to mix the entrained
air below the cloud base. The concept of the cloud layer needing to do work
on the subcloud layer to maintain a well-mixed layer (elegantly illustrated by
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Stratocumulus clouds from a plane

Cellular convective structures

http://www.pilotfriend.com/training/flight_training/met/clouds.htm 

https://visibleearth.nasa.gov/images/98570/clouds-in-eastern-south-pacific-ocean?size=small 

Low Cloud: Stratocumulus

๏Cover broad regions over the 
subtropical oceans. 

๏Characterized by lines, waves, and 
cellular structures. 

๏Radiative cooling from the cloud 
tops drives mixing with surface air 
that replenishes the liquid water in 
these clouds. 

๏Can often be seen out of an 
airplane window while flying. 

๏ Large SW albedo, strong cooling 
effects on climate.

http://www.pilotfriend.com/training/flight_training/met/clouds.htm
https://visibleearth.nasa.gov/images/98570/clouds-in-eastern-south-pacific-ocean?size=small
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https://cloudappreciationsociety.org/gallery/photo/photo-n-359960/
https://cloudappreciationsociety.org/gallery/photo/photo-n-357365

Low Cloud: Shallow cumulus
๏ The most familiar type of cloud.   

๏ Low level clouds that do not precipitate.  

๏ Small size and thus small radiative 
impact, comparatively less important to 
climate. 

https://cloudappreciationsociety.org/gallery/photo/photo-n-359960/
https://cloudappreciationsociety.org/gallery/photo/photo-n-357365
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Deep cumulus clouds with associated anvil tops.

https://cloudappreciationsociety.org/gallery/photo/photo-n-357970

https://cloudappreciationsociety.org/gallery/photo/photo-n-358495

High Cloud: Deep Cumulus

๏Strongly convecting updrafts 
that may reach up to the 
tropopause (9–17 km above 
the surface). 

๏Often characterized by a flat 
anvil-like top.  

๏Most common in tropical 
regions. 

๏Cover a very small fraction 
of tropical areas but are 
important for setting moisture 
and temperature profiles in the 
tropics.  

https://cloudappreciationsociety.org/gallery/photo/photo-n-357970
https://cloudappreciationsociety.org/gallery/photo/photo-n-358495
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https://cloudappreciationsociety.org/gallery/photo/photo-n-285941https://cloudappreciationsociety.org/gallery/photo/photo-n-359475

High Cloud: Cirrus clouds

๏ Thin wispy clouds formed of ice 
crystals. 

๏ Very high in altitude (4–20 km). 

๏ Can form at the outflow of deep 
cumulus clouds or in warm fronts. 

๏ Large LW emissivity, strong 
warming effect on climate.

https://cloudappreciationsociety.org/gallery/photo/photo-n-285941
https://cloudappreciationsociety.org/gallery/photo/photo-n-359475
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Sky filled with cirrus clouds. 
(Wikipedia commons)

Cloud Ice Particles (ARM) (Lawson et al 2006)

https://en.wikipedia.org/wiki/Cirrus_cloud#/media/File:CirrusField-color.jpg

https://journals.ametsoc.org/jamc/article/45/11/1505/12640/Microphysical-and-Optical-Properties-of

Water vs Ice Clouds
❖ Smaller particles yield a larger aggregate 

cross-section area of cloud particles for 
the same total water content.  

❖ Ice clouds tend to be composed of 
larger particles. Their high altitude and 
cold environment also lead to small 
water content. 

❖ Hence, they are not as good as low 
water clouds at scattering SW radiation.  

❖ However, they are still, to a very good 
approximation, black bodies in the LW.  

❖ ➨ Thin ice cirrus clouds, are 
effective at warming: a strong 
longwave but little shortwave CRE.

https://en.wikipedia.org/wiki/Cirrus_cloud#/media/File:CirrusField-color.jpg
https://journals.ametsoc.org/jamc/article/45/11/1505/12640/Microphysical-and-Optical-Properties-of
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Clouds and climate uncertainty
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CRE: Primary Source of Climate Uncertainty
★ Cloud feedback on higher CO2 is generally estimated to be positive, 

although highly uncertain in magnitude. This uncertainty is partly because 
CRE is composed of two large competing effects: LW warming/SW cooling.
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erage, slightly weaker than that of the WV ! LR feed-
back, and the surface albedo feedback’s contribution is
the smallest.

However, Fig. 2 shows that for each feedback there
are some intermodel differences, especially for the
cloud feedback contribution, and that the amplitude of
the equilibrium temperature change is primarily driven
by the cloud feedback component. This appears also
clearly when considering the intermodel standard de-
viation of the temperature change resulting from each
feedback normalized by the intermodel standard devia-
tion of the total temperature change (Fig. 1b). The stan-
dard deviation resulting from cloud feedback repre-
sents nearly 70% the standard deviation of the total
temperature change. The temperature spread resulting
from the radiative forcing is comparable to the spread
resulting from the WV ! LR feedback and the spread
resulting from the surface albedo feedback is the small-
est.

b. Decomposition of transient temperature changes

The transient temperature changes (or TCR) from
individual GCMs, as well as the contribution of the
various feeedbacks, are displayed in Fig. 3. The multi-
model mean and standard deviation are displayed in
Fig. 4 and reported in Table 3. The temperature damp-

ing resulting from the ocean heat uptake is about
"0.4°C, and its absolute value is comparable to the
multimodel contributions of the WV ! LR (0.6°C) and
cloud (0.4°C) feedback. The mean transient tempera-
ture change is nearly 2/3 of that at equilibrium; there-
fore, the transient temperature changes associated with
each feedback scale with it [cf. Eq. (14)]. The inter-
model standard deviation of the temperature change
resulting from cloud feedback represents nearly 90% of
the standard deviation of the total temperature change
(Fig. 4b). Similarly for the equilibrium case, cloud feed-
backs thus constitute the main source of spread of
the transient temperature response among GCMs. The
WV ! LR feedback, the ocean heat uptake, and the
radiative forcing constitute secondary and roughly com-
parable sources of spread, and the surface albedo feed-
back constitutes the smallest one.

The intermodel standard deviation of the global tem-
perature change may also be normalized with the mul-
timodel mean global temperature change. This relative
standard deviation is comparable in both equilibrium
and transient conditions; the spread in equilibrium is
slightly larger (23% versus 16%). The same holds for
the relative standard deviation of the temperature
change associated with each feedback. Therefore, the
contribution of the various feedbacks to the total

FIG. 2. Equilibrium temperature change associated with the Planck response and the vari-
ous feedbacks, computed for 12 CMIP3/AR4 AOGCMs for a 2 # CO2 forcing of reference
(3.71 W m"2). The GCMs are sorted according to $T e

s.
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Fig 2 live 4/C

Modern models: Model disagreement in 
Equilibrium temperature response to feedbacks 
for 2xCO2 using Inter-model variability is primarily 
due to cloud feedback. (Dufresne and Bony 2008)

CRE: Primary Source of Climate Uncertainty
★ Cloud feedback on higher CO2 is generally estimated to be positive, 

although highly uncertain in magnitude. This uncertainty is partly because 
CRE is composed of two large competing effects: LW warming/SW cooling.
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CESS ET AL.' CLIMATE FEEDBACK IN 19 GENERAL CIRCULATION MODELS 16,611 

TABLE 13. Differences in Solar, Infrared, and Net Cloud 
Forcing for the ASST -- _2øK Change 

ACRF, W m -2 

Model Solar Infrared Net 

CCC -0.9 0.2 -0.7 
ECMWF -5.9 3.0 -2.9 
MGO -0.3 -1.3 -1.6 
DNM 2.0 -1.8 0.3 
GFDL II 0.1 -0.2 -0.1 
DMN 1.8 -0.8 1.0 
CSU 3.8 -3.0 0.8 
OSU/IAP 0.7 1.6 2.3 
OSU/LLNL -0.4 1.0 0.6 
BMRC 4.3 -4.2 0.2 
MRI 1.5 0.7 2.1 
GFDL I 1.5 0.3 1.8 
UKMO 4.4 -3.4 1.0 
CCM1 2.6 0.6 3.2 
CCM/LLNL 2.1 0.8 2.9 
LMD 3.7 1.1 4.8 
ECHAM 5.6 -0.8 4.8 
CCM0 7.4 -2.3 5.1 
GISS 5.1 -0.5 4.6 
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Fig. 2. The global sensitivity parameter A (K m 2 W -1) plotted 
against the cloud feedback parameter ACRF/G for the 19 GCMs. 
The solid line represents a best-fit linear regression. 

feedback. For example, as discussed in the previous section 
the CSU and OSU/LLNL GCMs produce comparable cli- 
mate sensitivity but for quite different reasons. This is 
consistent with Table 13, which shows that the two models 
produce similar and modest ACRF, although with signifi- 
cantly different solar and infrared components of this quan- 
tity. The results of Table 13 are also consistent with our prior 
elucidation of a negative solar feedback in GFDL II relative 
to GFDL I due to the former containing cloud albedos that 
are dependent upon cloud water content. On the other hand, 
the fact that CCM1 and CCM/LLNL have fairly similar solar 
ACRF values is, as previously discussed, a consequence of 
near-compensatory albedo and cloud-amount feedbacks in 
the CCM/LLNL GCM. 

A further perspective is given by the Ac and A/Ac summary 
of Table 14. The excellent agreement of the models' clear- 
sky sensitivity is again emphasized, while the variations in 
global sensitivity (Table 9) are attributable primarily to 

TABLE 14. Summary of Ac and MAc 

Model A c, K m 2 W -1 MAc = 1 + ACRF/G 
CCC 0.42 0.93 
ECMWF 0.57 0.70 
MGO 0.54 0.81 
DNM 0.44 1.03 
GFDL II 0.46 0.98 
DMN 0.44 1.12 
CSU 0.46 1.09 
OSU/IAP 0.40 1.29 
OSU/LLNL 0.48 1.08 
BMRC 0.52 1.04 
MRI 0.47 1.28 
GFDL I 0.48 1.25 
UKMO 0.53 1.15 
CCM1 0.43 1.63 
CCM/LLNL 0.49 1.55 
LMD 0.43 2.07 
ECHAM 0.47 2.36 
CCM0 0.45 2.47 
GISS 0.52 2.37 

variations in cloud feedback. This ranges from a modest 
negative feedback for the ECMWF model to strong positive 
feedback for CCM0. 

An additional way of illustrating that cloud feedback is the 
primary cause of the intermodel variations in global climate 
sensitivity is the scatter plot of Figure 2, which is a plot of A 
versus the cloud feedback parameter ACRF/G for the 19 
GCMs. Here the solid line represents a linear fit to the 19 
models as is consistent with (9). Clearly, the intermodel 
differences in global climate sensitivity are dominated by 
their corresponding differences in cloud feedback as repre- 
sented by the parameter ACRF/G. Conversely, scatter about 
the regression line denotes intermodel differences in the 
clear sensitivity parameter Ac, and, as previously empha- 
sized, these differences are rather minor. The point of Figure 
2 is that it supports the suggestion that cloud-climate feed- 
back is a significant cause of intermodel differences in 
climate change projections. These differences are, of course, 
a direct result of the large intermodel range of ACRF/G 
values. 

As previously emphasized, the dependence of cloud opti- 
cal properties upon cloud water content constitutes a poten- 
tial negative feedback mechanism. However, differentiating 
between models that do or do not incorporate this effect does 
not aid in understanding the large differences in cloud 
feedback as produced by the 19 GCMs. Eight of the models 
incorporate, at least to some degree, this effect (Tables 3 and 
4, the dependence of cloud optical properties upon temper- 
ature for the two OSU models is to distinguish between 
water and ice clouds). These are the CCC, CSU, DMN, 
ECHAM, ECMWF, LMD, CCM/LLNL and GFDL II mod- 
els. But when these eight models are distinguished from the 
other ten, as in Figure 3, there clearly is not a segregation 
into low- and high-sensitivity groups on the basis of whether 
they do or do not incorporate cloud optical properties that 
depend upon cloud water content. Nor is there an obvious 
sensitivity segregation in terms of other factors, such as 
models with or without a diurnal cycle, penetrating convec- 
tion versus moist adiabatic adjustment, or spectral versus 
finite difference. 

Old models: Global climate sensitivity 
plotted against CRE/CO2 Radiative Effect for 
19 Models: a strong linear fit between ∆CRE 
and global climate sensitivity. (Cess et al. 1990)

erage, slightly weaker than that of the WV ! LR feed-
back, and the surface albedo feedback’s contribution is
the smallest.

However, Fig. 2 shows that for each feedback there
are some intermodel differences, especially for the
cloud feedback contribution, and that the amplitude of
the equilibrium temperature change is primarily driven
by the cloud feedback component. This appears also
clearly when considering the intermodel standard de-
viation of the temperature change resulting from each
feedback normalized by the intermodel standard devia-
tion of the total temperature change (Fig. 1b). The stan-
dard deviation resulting from cloud feedback repre-
sents nearly 70% the standard deviation of the total
temperature change. The temperature spread resulting
from the radiative forcing is comparable to the spread
resulting from the WV ! LR feedback and the spread
resulting from the surface albedo feedback is the small-
est.

b. Decomposition of transient temperature changes

The transient temperature changes (or TCR) from
individual GCMs, as well as the contribution of the
various feeedbacks, are displayed in Fig. 3. The multi-
model mean and standard deviation are displayed in
Fig. 4 and reported in Table 3. The temperature damp-

ing resulting from the ocean heat uptake is about
"0.4°C, and its absolute value is comparable to the
multimodel contributions of the WV ! LR (0.6°C) and
cloud (0.4°C) feedback. The mean transient tempera-
ture change is nearly 2/3 of that at equilibrium; there-
fore, the transient temperature changes associated with
each feedback scale with it [cf. Eq. (14)]. The inter-
model standard deviation of the temperature change
resulting from cloud feedback represents nearly 90% of
the standard deviation of the total temperature change
(Fig. 4b). Similarly for the equilibrium case, cloud feed-
backs thus constitute the main source of spread of
the transient temperature response among GCMs. The
WV ! LR feedback, the ocean heat uptake, and the
radiative forcing constitute secondary and roughly com-
parable sources of spread, and the surface albedo feed-
back constitutes the smallest one.

The intermodel standard deviation of the global tem-
perature change may also be normalized with the mul-
timodel mean global temperature change. This relative
standard deviation is comparable in both equilibrium
and transient conditions; the spread in equilibrium is
slightly larger (23% versus 16%). The same holds for
the relative standard deviation of the temperature
change associated with each feedback. Therefore, the
contribution of the various feedbacks to the total

FIG. 2. Equilibrium temperature change associated with the Planck response and the vari-
ous feedbacks, computed for 12 CMIP3/AR4 AOGCMs for a 2 # CO2 forcing of reference
(3.71 W m"2). The GCMs are sorted according to $T e

s.
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Fig 2 live 4/C

Modern models: Model disagreement in 
Equilibrium temperature response to feedbacks 
for 2xCO2 using Inter-model variability is primarily 
due to cloud feedback. (Dufresne and Bony 2008)

CRE: Primary Source of Climate Uncertainty
★ Cloud feedback on higher CO2 is generally estimated to be positive, 

although highly uncertain in magnitude. This uncertainty is partly because 
CRE is composed of two large competing effects: LW warming/SW cooling.
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TABLE 13. Differences in Solar, Infrared, and Net Cloud 
Forcing for the ASST -- _2øK Change 

ACRF, W m -2 

Model Solar Infrared Net 

CCC -0.9 0.2 -0.7 
ECMWF -5.9 3.0 -2.9 
MGO -0.3 -1.3 -1.6 
DNM 2.0 -1.8 0.3 
GFDL II 0.1 -0.2 -0.1 
DMN 1.8 -0.8 1.0 
CSU 3.8 -3.0 0.8 
OSU/IAP 0.7 1.6 2.3 
OSU/LLNL -0.4 1.0 0.6 
BMRC 4.3 -4.2 0.2 
MRI 1.5 0.7 2.1 
GFDL I 1.5 0.3 1.8 
UKMO 4.4 -3.4 1.0 
CCM1 2.6 0.6 3.2 
CCM/LLNL 2.1 0.8 2.9 
LMD 3.7 1.1 4.8 
ECHAM 5.6 -0.8 4.8 
CCM0 7.4 -2.3 5.1 
GISS 5.1 -0.5 4.6 
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Fig. 2. The global sensitivity parameter A (K m 2 W -1) plotted 
against the cloud feedback parameter ACRF/G for the 19 GCMs. 
The solid line represents a best-fit linear regression. 

feedback. For example, as discussed in the previous section 
the CSU and OSU/LLNL GCMs produce comparable cli- 
mate sensitivity but for quite different reasons. This is 
consistent with Table 13, which shows that the two models 
produce similar and modest ACRF, although with signifi- 
cantly different solar and infrared components of this quan- 
tity. The results of Table 13 are also consistent with our prior 
elucidation of a negative solar feedback in GFDL II relative 
to GFDL I due to the former containing cloud albedos that 
are dependent upon cloud water content. On the other hand, 
the fact that CCM1 and CCM/LLNL have fairly similar solar 
ACRF values is, as previously discussed, a consequence of 
near-compensatory albedo and cloud-amount feedbacks in 
the CCM/LLNL GCM. 

A further perspective is given by the Ac and A/Ac summary 
of Table 14. The excellent agreement of the models' clear- 
sky sensitivity is again emphasized, while the variations in 
global sensitivity (Table 9) are attributable primarily to 

TABLE 14. Summary of Ac and MAc 

Model A c, K m 2 W -1 MAc = 1 + ACRF/G 
CCC 0.42 0.93 
ECMWF 0.57 0.70 
MGO 0.54 0.81 
DNM 0.44 1.03 
GFDL II 0.46 0.98 
DMN 0.44 1.12 
CSU 0.46 1.09 
OSU/IAP 0.40 1.29 
OSU/LLNL 0.48 1.08 
BMRC 0.52 1.04 
MRI 0.47 1.28 
GFDL I 0.48 1.25 
UKMO 0.53 1.15 
CCM1 0.43 1.63 
CCM/LLNL 0.49 1.55 
LMD 0.43 2.07 
ECHAM 0.47 2.36 
CCM0 0.45 2.47 
GISS 0.52 2.37 

variations in cloud feedback. This ranges from a modest 
negative feedback for the ECMWF model to strong positive 
feedback for CCM0. 

An additional way of illustrating that cloud feedback is the 
primary cause of the intermodel variations in global climate 
sensitivity is the scatter plot of Figure 2, which is a plot of A 
versus the cloud feedback parameter ACRF/G for the 19 
GCMs. Here the solid line represents a linear fit to the 19 
models as is consistent with (9). Clearly, the intermodel 
differences in global climate sensitivity are dominated by 
their corresponding differences in cloud feedback as repre- 
sented by the parameter ACRF/G. Conversely, scatter about 
the regression line denotes intermodel differences in the 
clear sensitivity parameter Ac, and, as previously empha- 
sized, these differences are rather minor. The point of Figure 
2 is that it supports the suggestion that cloud-climate feed- 
back is a significant cause of intermodel differences in 
climate change projections. These differences are, of course, 
a direct result of the large intermodel range of ACRF/G 
values. 

As previously emphasized, the dependence of cloud opti- 
cal properties upon cloud water content constitutes a poten- 
tial negative feedback mechanism. However, differentiating 
between models that do or do not incorporate this effect does 
not aid in understanding the large differences in cloud 
feedback as produced by the 19 GCMs. Eight of the models 
incorporate, at least to some degree, this effect (Tables 3 and 
4, the dependence of cloud optical properties upon temper- 
ature for the two OSU models is to distinguish between 
water and ice clouds). These are the CCC, CSU, DMN, 
ECHAM, ECMWF, LMD, CCM/LLNL and GFDL II mod- 
els. But when these eight models are distinguished from the 
other ten, as in Figure 3, there clearly is not a segregation 
into low- and high-sensitivity groups on the basis of whether 
they do or do not incorporate cloud optical properties that 
depend upon cloud water content. Nor is there an obvious 
sensitivity segregation in terms of other factors, such as 
models with or without a diurnal cycle, penetrating convec- 
tion versus moist adiabatic adjustment, or spectral versus 
finite difference. 

Old models: Global climate sensitivity 
plotted against CRE/CO2 Radiative Effect for 
19 Models: a strong linear fit between ∆CRE 
and global climate sensitivity. (Cess et al. 1990)

erage, slightly weaker than that of the WV ! LR feed-
back, and the surface albedo feedback’s contribution is
the smallest.

However, Fig. 2 shows that for each feedback there
are some intermodel differences, especially for the
cloud feedback contribution, and that the amplitude of
the equilibrium temperature change is primarily driven
by the cloud feedback component. This appears also
clearly when considering the intermodel standard de-
viation of the temperature change resulting from each
feedback normalized by the intermodel standard devia-
tion of the total temperature change (Fig. 1b). The stan-
dard deviation resulting from cloud feedback repre-
sents nearly 70% the standard deviation of the total
temperature change. The temperature spread resulting
from the radiative forcing is comparable to the spread
resulting from the WV ! LR feedback and the spread
resulting from the surface albedo feedback is the small-
est.

b. Decomposition of transient temperature changes

The transient temperature changes (or TCR) from
individual GCMs, as well as the contribution of the
various feeedbacks, are displayed in Fig. 3. The multi-
model mean and standard deviation are displayed in
Fig. 4 and reported in Table 3. The temperature damp-

ing resulting from the ocean heat uptake is about
"0.4°C, and its absolute value is comparable to the
multimodel contributions of the WV ! LR (0.6°C) and
cloud (0.4°C) feedback. The mean transient tempera-
ture change is nearly 2/3 of that at equilibrium; there-
fore, the transient temperature changes associated with
each feedback scale with it [cf. Eq. (14)]. The inter-
model standard deviation of the temperature change
resulting from cloud feedback represents nearly 90% of
the standard deviation of the total temperature change
(Fig. 4b). Similarly for the equilibrium case, cloud feed-
backs thus constitute the main source of spread of
the transient temperature response among GCMs. The
WV ! LR feedback, the ocean heat uptake, and the
radiative forcing constitute secondary and roughly com-
parable sources of spread, and the surface albedo feed-
back constitutes the smallest one.

The intermodel standard deviation of the global tem-
perature change may also be normalized with the mul-
timodel mean global temperature change. This relative
standard deviation is comparable in both equilibrium
and transient conditions; the spread in equilibrium is
slightly larger (23% versus 16%). The same holds for
the relative standard deviation of the temperature
change associated with each feedback. Therefore, the
contribution of the various feedbacks to the total

FIG. 2. Equilibrium temperature change associated with the Planck response and the vari-
ous feedbacks, computed for 12 CMIP3/AR4 AOGCMs for a 2 # CO2 forcing of reference
(3.71 W m"2). The GCMs are sorted according to $T e

s.

1 OCTOBER 2008 N O T E S A N D C O R R E S P O N D E N C E 5141

Fig 2 live 4/C

Modern models: Model disagreement in 
Equilibrium temperature response to feedbacks 
for 2xCO2 using Inter-model variability is primarily 
due to cloud feedback. (Dufresne and Bony 2008)

CRE: Primary Source of Climate Uncertainty
★ Cloud feedback on higher CO2 is generally estimated to be positive, 

although highly uncertain in magnitude. This uncertainty is partly because 
CRE is composed of two large competing effects: LW warming/SW cooling.

★ Future change in CRE is the dominant source of difference between 
models and of uncertainty in climate model prediction.
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SST error (difference between model and observations) is large, ~2.5C in regions 
with underestimated stratocumulus cloud cover

G. Danabasoglu et al 2020,  
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019MS001916 

Stratocumulus cloud model bias leads to significant SST errors

shortwave CRE: model minus observations

observed stratocumulus cloud fraction (%)

Model SST minus observations (°C)

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2019MS001916
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this set of model experiments, similar behavior is noted in
other scenarios (e.g., A1b, 4xCO2).
[6] We estimate cloud feedback using as input the change

in cloud radiative forcing, defined as the difference in net
radiation R at the top of the atmosphere between clear‐sky
and total‐sky conditions; CRF = Rclr − R. We examine the
change in cloud radiative forcing between the first 20 years
and last 20 years of the 21st Century and normalize this dif-
ference by the corresponding change in global mean surface
temperature (denoted as DCRF).
[7] However, as shown by Colman [2003] and Soden et al.

[2004], to correctly interpret the changes in cloud radiative
forcing as a cloud feedback, one must account for the effects
of clouds in masking both the external radiative forcing and
the non‐cloud feedbacks. For example, an increase in CO2
while holding all other variables fixed would reduce the
contrast between the clear‐sky and total‐sky fluxes, resulting
in DCRF < 0 even though no changes in cloud (or other
variables) had occurred. Similar biases arise in DCRF from
changes in temperature, water vapor and surface albedo.
In this study, we adjust the cloud radiative forcing to correct
for these effects using the method outlined by Soden et al.
[2008]. As demonstrated in that study, the adjusted change
in cloud radiative forcing provides a more accurate descrip-
tion of the regional structure and sign of cloud feedback. This
correction has its largest effect on the longwave forcing,

tending to make longwave cloud feedback more positive than
the change in longwave cloud forcing. The magnitudes of
these adjustments are typically ∼0.5 W/m2/K on the global‐
mean, but can be as large as 1.5–2.0W/m2/K in some regions.
Full details of these corrections and their regional structure
are presented by Soden et al. [2008].

3. Results

3.1. Regional Structure of Multi‐model Means
[8] Figure 1 (left) displays maps of the multi‐model

ensemble‐mean net cloud feedback (Figure 1, top), longwave
cloud feedback (Figure 1, middle) and shortwave cloud
feedback (Figure 1, bottom) for annual mean conditions in
response to a doubling of CO2. The right‐hand column dis-
plays the corresponding maps of the number of models (out
of a total of 12) for which the annual mean cloud feedback
is positive, and provides insight into the commonality of the
patterns noted in themulti‐model mean. Positive values of net
cloud feedback dominate the multi‐model mean, with maxi-
mum values occurring over convectively active land and
ocean regions. Positive feedbacks are also found over the
majority of subtropical to mid‐latitude oceans and over vir-
tually all land regions. Negative values of net cloud feedback
are generally restricted to the high latitude southern oceans
and the northern Atlantic. Maps of the net cloud feedback for

Figure 1. (left) Maps of the multi‐model ensemble mean (top) net, (middle) longwave, and (bottom) shortwave cloud feed-
back in units of W/m2/K. (right) The number of models (out of a total of 12) for which the cloud feedback is positive for (top)
net, (middle) longwave and (bottom) shortwave.
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Figure 1. (left) Maps of the multi‐model ensemble mean (top) net, (middle) longwave, and (bottom) shortwave cloud feed-
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ference by the corresponding change in global mean surface
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of clouds in masking both the external radiative forcing and
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while holding all other variables fixed would reduce the
contrast between the clear‐sky and total‐sky fluxes, resulting
in DCRF < 0 even though no changes in cloud (or other
variables) had occurred. Similar biases arise in DCRF from
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tually all land regions. Negative values of net cloud feedback
are generally restricted to the high latitude southern oceans
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Figure 1. (left) Maps of the multi‐model ensemble mean (top) net, (middle) longwave, and (bottom) shortwave cloud feed-
back in units of W/m2/K. (right) The number of models (out of a total of 12) for which the cloud feedback is positive for (top)
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notes section 7.4: 
Clouds and climate uncertainty

Two-layer energy balance again:

-1---
0---

+1---

Much of the above uncertainty relates to challenges climate models face
in trying to reproduce present-day climate. The response of clouds to warm-
ing poses yet another set of difficulties, as cloud area, geographical and altitude
distribution of clouds, and cloud types can change in a warmer climate. Addi-
tionally, rain formation processesmay change,making the problemof predicting
precipitation patterns in a future warm climate highly uncertain, as reflected by
the large model disagreement on these processes (section 12.3).

7.4 CLOUD FEEDBACKS AND CLIMATE UNCERTAINTY
As mentioned, globally, the greenhouse effect of clouds currently reduces out-
going longwave radiation by 30 W/m2, while their albedo effect reduces the
absorbed SW by an average of 50 W/m2, hence leading to a net negative effect
(cooling) of around 20W/m2.The important question in the context of anthro-
pogenic global warming is how the SWand LWCREs are expected to change, as
a relatively small change in cloudswill have a large effect, potentially comparable
to—or larger than—the direct radiative effect of CO2 doubling.

How the cloud radiative effect is projected to change is the dominant source
of uncertainty in climatemodels. Cloud feedbacks are often estimated to be pos-
itive, meaning that the net global CRE (due to the combined greenhouse LW
and albedo SW effects) is expected to become less negative in a warmer climate,
leading to further warming. However, the responses of both SW and LW CREs
to warming are highly uncertain and involve significant model disagreement.

An example energy balance model with cloud feedbacks

To demonstrate how cloud feedbacks may affect the warming response of the
climate system to an increase in greenhouse gases, consider a slightly modified
version of the two-level energy balance model introduced in section 2.1.2,

Csurface
dT
dt

D S0

4
.1 � ˛.T// C ✏.CO2;Ta/�T4

a � �T4

Catm
dTa

dt
D ✏.CO2;Ta/�T4 � 2✏.CO2;Ta/�T4

a : (7.2)

134 j CHAPTER 7

Surface/upper ocean 
energy balance

Atmospheric 
energy balance
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leading to further warming. However, the responses of both SW and LW CREs
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To demonstrate how cloud feedbacks may affect the warming response of the
climate system to an increase in greenhouse gases, consider a slightly modified
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Csurface
dT
dt

D S0

4
.1 � ˛.T// C ✏.CO2;Ta/�T4
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----1

---0

---+1

We have added the time rate of change terms on the LHS with Csurface;atm
being the heat capacity per m2 of the lower atmosphere and upper ocean (sub-
script surface) and of the atmosphere (atm). Cloud feedbacks enter here in
two ways: first, via the dependence of the albedo ˛.T/ on surface tempera-
ture, representing the dependence of low clouds’ properties (e.g., cloud area)
on this temperature, and second, via the dependence of the atmospheric LW
emissivity ✏.Ta/ on atmospheric temperatureTa, representing, for example, the
dependence of high cloud area, and thus emissivity, on atmospheric temper-
ature. Because these temperatures depend on CO2, the cloud-related changes
to albedo and emissivity act as a feedback on greenhouse warming. These spe-
cific assumed dependencies are meant as an illustrative example, as high clouds
and low clouds in fact depend on a much larger set of variables, as part of the
moist convection process reviewed above. Given these assumptions, the cloud
feedbacks may crudely be modeled as

˛.T/ D ˛0 .1 C �SW .T �T0//

✏.Ta/ D ✏0.CO2/ .1 C �LW .Ta �Ta;0//

✏0.CO2/ D 0:75 C 0:05 log2.CO2=280/: (7.3)

Theparameters�SW and�LW , whichmay be positive or negative, introduce
a simple linear dependence of the SW albedo and LW emissivity on the surface
and atmospheric temperatures, correspondingly.The cloud feedbacks are evalu-
ated as a function of the deviation of the temperature from prescribed reference
temperaturesT0 andTa;0.The true values of the cloud feedback parameters�SW

and�LW are not known, as different climatemodels produce different estimates.
As an example, suppose that the surface albedo due to low clouds decreases by
4% for a 4 °C of surface warming and the emissivity increases by 0.4% for a 4 °C
of atmospheric warming. That means that we need to set �LW D 0:004=4 °C�1

and �SW D �0:04=4 °C�1. The base albedo, ˛0, and emissivity, ✏0, may be set
to their values in section 2.1.2.The logarithmic dependence on CO2 seen in the
last line of equation (7.3) was discussed in section 2.2.4.

Figure 7.3a shows the response of the energy balance model to a gradual
CO2 doubling scenario with these assumed cloud feedbacks and without them
(that is, with �LW D �SW D 0). As the temperature is increasing with CO2, the
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With cloud feedbacks given by:
Low clouds’ albedo depends 
on surface temperature

High clouds’ emissivity depends 
on atmospheric temperature

Emissivity dependence on CO2

Surface/upper ocean 
energy balance

Atmospheric 
energy balance
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Figure 7.3:Cloud feedbacks in a two-layer energy balance model.
Response of a two-level energy balance model to SW and LW cloud feedbacks. (a) Atmospheric CO2 as a
function of time, representing a doubling scenario. (b) The change to cloud albedo and emissivity resulting
from the formulation in eqn (7.3). (c) The surface temperature as a function of time with and without cloud
feedbacks. (d) Same, for the atmospheric temperature.

albedo is decreasing and the emissivity is increasing (Figure 7.3b), so that both
represent positive feedbacks with respect to temperature. Note that a seemingly
weak dependence of the cloud albedo and emissivity on temperature leads to a
significant temperature response, as shownby thedifferencebetween thedashed
and solid lines in Figures 7.3c,d. This demonstrates the uncertainty involved in
cloud feedbacks.

While various negative cloud feedbacks have been suggested in the scien-
tific literature, careful examination by numerous studies has so far not been
able to reliably identify a negative cloud feedback that would lead to a sig-
nificant reduction in the warming expected due to increased greenhouse gas
concentration. Climate models seem to consistently underestimate climate sen-
sitivity as deduced from proxy observations of past warm climates (Box 4.1),
suggesting that the scenario of negative cloud feedbacks leading to a significantly
lower-than-projected temperature increase can be ruled out.

136 j CHAPTER 7

Figure 7.3: Cloud feedbacks in a two-layer energy balance model. 
Response of a two-level energy balance model to SW and LW cloud feedbacks. (a) 
Atmospheric CO2 as a function of time, representing a doubling scenario. (b) The change to 
cloud albedo and emissivity resulting from the formulation in eqn (7.3). (c) The surface 
temperature as a function of time with and without cloud feedbacks. (d) Same, for the 
atmospheric temperature. 
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are responsible for much of the uncertainty in 
climate sensitivity.

๏ Despite uncertainties, cloud feedbacks are 
believed to be positive: We expect a weaker 
net cloud cooling in a warmer climate.

๏ A negative feedback involving high cirrus 
clouds has been proposed, yet no robust 
negative cloud feedback that can significantly 
reduce global warming has been identified.  

๏ We covered MSE conservation 
  & used 

it to understand convection (LCL, LFC, LNB), 
cloud formation & the atmospheric lapse rate.

cpT(z) + L min(q*, qs) + gz = MSEs

stein egil liland: Nordland, Norway,  
https://www.pexels.com/photo/clouds-over-mountains-12035615/ 

๏ Clouds have been, & continue 
to be the most important yet 
poorly understood aspect of 
climate’s response to CO2.  

๏ & they are beautiful and interesting!     
🌝🌹🌤
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The End


