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How much will Earth warm in response to CO2 emissions?
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opinion & comment

that would result from a doubling of 
CO2 (Fig. 2).

Understanding cloud feedback is a truly 
humbling challenge, in part because of the 
diversity of cloud types in the Earth system, 
each affecting radiation differently, and 
each being controlled by distinct processes 
operating on scales ranging from microns 
to thousands of kilometres. The importance 
of cloud feedbacks has long been identified3, 
but despite major advances on theoretical, 
observational, and modelling fronts, pinning 
down the cloud feedback remains one of 
the central goals of climate science. Here we 
trace the community’s evolving assessment of 
cloud feedback across the five IPCC reports, 
highlighting key developments (Fig. 3). It is 
not possible here to do justice to the huge 
range of literature assessed by IPCC by citing 
individual studies. Readers should refer to the 
relevant IPCC reports for references to the 
relevant primary research papers.

At the time of the First Assessment Report4 
(FAR; 1990), there was already extensive 
literature on cloud feedbacks. Changes 
in cloud amount, altitude, water content, 
and phase had been identified as potential 
feedback mechanisms during the 1970s and 
1980s. The climate models in use at the time 
were, by today’s standards, rudimentary. 
Most diagnosed cloud cover simply from 
relative humidity, although a few had started 
to diagnose cloud radiative properties from 
water content. The FAR assessed the cloud 
altitude feedback to be positive, but there 
was little sense of the relative strengths of 
individual feedbacks. Perhaps the FAR’s 
most important conclusion was that cloud 
feedback represented the largest source of 
uncertainty in climate sensitivity among 
atmospheric models.

By the Second Assessment Report5 
(SAR; 1995), more climate models were 
predicting the mass of cloud liquid and ice, 
and generally finding negative cloud opacity 
feedbacks, albeit of widely differing strengths. 
Warming-induced increases in cloud 
liquid water relative to ice, and responses of 
anvil clouds, were identified as potentially 
powerful cloud feedbacks. The SAR 
described the increasing understanding of the 
meteorological factors that control low clouds 
(for example, a more stable lower atmosphere 
favours greater low cloud cover), and a 
possible positive feedback between sea-surface 
temperature and decreases in low cloud 
cover. Evidence for countervailing negative 
cloud feedback processes remained lacking. 
Weaknesses in the parameterization of small-
scale processes that lead to cloud formation 
and dissipation were however highlighted. 
The report concluded that it was not possible 
at that time to judge the sign of the net cloud 
feedback, but it was assessed as unlikely either 
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Figure 2 | Global average cloud feedbacks and their impact on climate sensitivity. a, Global mean surface 
temperature anomalies with respect to the 1986–2005 mean in historical (1860–2005) and RCP8.5 
(2006–2100) simulations for 23 CMIP5 models, each represented with grey lines. In the inset, equilibrium 
climate sensitivity (ECS) estimates are plotted against global mean net cloud feedback estimates from 
28 CMIP5 models (grey). Cloud feedback is computed by regressing cloud-induced radiation anomalies 
on global mean surface air temperature anomalies from 150-year ‘abrupt4xCO2’ simulations, in which 
atmospheric CO2 is instantaneously quadrupled from its pre-industrial concentration and then held fixed. 
ECS refers to the change in global mean surface temperature in response to a doubling of CO2 and is 
computed as the effective forcing divided by the net feedback from 150-year abrupt4×CO2 simulations. 
Blue lines and symbols refer to an illustrative low sensitivity model (GISS-E2-R, with an ECS of 2.1 °C) 
and red lines and symbols refer to an illustrative high sensitivity model (IPSL-CM5A-LR, with an ECS of 
4.1 °C). b, Distribution of global average net cloud feedback (black) among 18 models analysed by ref. 2, 
and its breakdown into feedback components due to the change in low cloud amount (blue), high cloud 
altitude (red), low cloud opacity (purple), and all other cloud feedback components (orange). Low and 
high clouds refer to those with cloud top pressures greater than and less than 680 hPa, respectively. 
Circles indicate the multi-model average feedback values, with coloured lines spanning the across-model 
standard deviation. Thin grey lines extend to the model extrema.
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Equilibrium Climate Sensitivity (ECS):
The ultimate increase in global mean surface air temperature in response
to a doubling of atmospheric CO2 concentrations.

Motivation Method Results Summary

Motivation
I There is a large spread in the equilibrium climate sensitivity (ECS),

defined as the equilibrium global mean surface temperature response
to a doubling of atmospheric CO2 concentrations, among CMIP5
models =) there is a large uncertainty in climate projections

I Clouds and aerosols continue to contribute the largest uncertainty
to estimates of Earth’s energy budget (IPCC AR5)
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Observational Constraints on Mixed-Phase Clouds Imply Higher Climate Sensitivity

I Cloud feedback — the surface-temperature mediated response of
clouds to global warming, is the main cause of the large spread in
ECS (IPCC AR5)
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Mixed-Phase Clouds

I Composed of liquid droplets and ice crystals.

I Ubiquitous — found at all latitudes

∼-35°C < T < 0°C 

Liquid:
is supercooled

Ice:
forms via ice nucleation

Mixed-Phase Clouds & Their Role in a Changing Climate
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Partitioning of liquid & ice in mixed-phase clouds
— a challenging problem for models

I Models fail to maintain enough liquid in their mixed-phase clouds.

Define SLF =
xliq

xliq + xice
,

e.g. x = water content, number concentration, mixing ratio
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Why can’t models maintain supercooled liquid?
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I The Wegener-Bergeron-Findeisen process for ice is generally
most important for SLF.
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The Wegener-Bergeron-Findeisen (WBF) Process

I Ice crystals grow at the expense of surrounding liquid droplets

I Happens as a consequence of the fact that saturation vapour pressure
over ice (ei ) is less than that over liquid (el)

I Happens when ei < in-cloud vapour pressure <el

Mixed-Phase Clouds & Their Role in a Changing Climate
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Importance of the WBF process for SLF
1. Efficient WBF process (more liquid-to-ice conversion ⇒ rapid glaciation)

→ Uniformly mixed liquid droplets & ice crystals (this is what
mixed-phase clouds in climate models look like)
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2. Inefficient WBF process (less liquid-to-ice conversion ⇒ slow glaciation)
→ Patches of liquid droplets & ice crystals (this is what mixed-phase
clouds are actually like in observations)

I Models don’t represent subgrid variability of liquid/ice ⇒ WBF is
too efficient ⇒ they fail to maintain liquid i.e. underestimate SLF!
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SLF affects Earth’s radiation budget
Lower SLF

(more ice):

I ice less abundant

I ice larger in size

→ optically thinner
→ reflects less sunlight

vs.

Higher SLF
(more liquid):

I liquid more abundant

I liquid smaller in size

→ optically thicker
→ reflects more sunlight

Mixed-Phase Clouds & Their Role in a Changing Climate
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Link between SLF and ECS
SL
F
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observationally-constrained by global remote sensing observations

R=0.98, p=0.0025
Tan et al. (2016), Science

I The observationally-constrained simulations have ECS values that
are 1.0–1.3◦C greater than that of the control simulation

I Recall: ECS range of CMIP5 models: 2.1 to 4.7◦C, mean = 3.4◦C
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Cloud Phase Feedback

I A negative feedback, where as the atmosphere warms, isotherms
shift upward in altitude, leaving behind liquid at the altitude where
ice was previously present

I The resulting optically thicker liquid clouds act to lower surface
temperatures by reflecting more sunlight back to space, thereby
counteracting the initial warming

Earth warms Isotherms shift upward Liquid replaces ice Thicker clouds

-

I Higher SLF clouds have less potential for ice-to-liquid replacement
and therefore a weaker cloud phase feedback.

Mixed-Phase Clouds & Their Role in a Changing Climate



Introduction Cloud Microphysics Climate Impact Summary

Arctic Impact — Opposing LW Effect
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Summary
1. Outstanding bias of climate models:

I They fail to maintain liquid in their mixed-phase clouds
(underestimate SLF compared to remote sensing observations)

I Culprit: lack of subgrid variability in cloud liquid & ice which causes
an overly efficient WBF process
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2. Why it matters:

I Correcting for this bias increases ECS and decreases AA
I Caveat: the impact on AA is sensitive to cloud microphysics.SL
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