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Cloud changes under climate warming
Simulated changes with observational evidence. 

Fig. 7.11 of the IPCC AR5, Part 1.
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Observed cloud changes

Figure 3 | Zonal mean change in observed and simulated cloud

amount during the period 1983–2009 in seven pressure intervals. 

a, ISCCP climatological cloud amount. b, Trend in ISCCP cloud

amount 1983–2009.

Norris, J., Allen, R., Evan, A. et al. 
Evidence for climate change in the
satellite cloud record. Nature 536, 
72–75 (2016) 
doi:10.1038/nature18273
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Observed cloud changes

Figure 3 | Zonal mean change in observed and simulated cloud

amount during the period 1983–2009 in seven pressure intervals. 

a, ISCCP climatological cloud amount. b, Trend in ISCCP cloud

amount 1983–2009.

Norris, J., Allen, R., Evan, A. et al. 
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satellite cloud record. Nature 536, 
72–75 (2016) 
doi:10.1038/nature18273

60°S 60°NEQ

60°S 60°NEQ

rising high clouds

reduction of low clouds



Institute of Meteorology and Climate Research
Troposphere Research Department

10 Corinna Hoose The Role of Clouds in Climate Change

Rising high clouds

FAT (Fixed anvil temperature) hypothesis (Hartmann & Larson, 2002; Kuang and Hartmann, 2007): 
anvil clouds occur where convective detrainment is maximum, and this is
controlled by the vertical gradient of clear-sky radiative cooling (water vapour
emissivity).
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Cloud radiative effect = Fnet,SW,TOA - Fnet,SW,TOA

+ Fnet,LW,TOA - Fnet,LW,TOA

with cloud without cloud

with cloud without cloud

SW: shortwave, 
LW: longwave,
TOA: top of the
atmosphere;
sign convention:
positive
downward
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Low cloud reduction:

Schneider, T., Kaul, C.M. & Pressel, K.G. Possible climate transitions from breakup of stratocumulus decks under greenhouse
warming. Nat. Geosci. 12, 163–167 (2019) doi:10.1038/s41561-019-0310-1

NASA, MODIS satellite
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Low cloud reduction: tipping point?

Schneider, T., Kaul, C.M. & Pressel, K.G. Possible climate transitions from breakup of stratocumulus decks under greenhouse
warming. Nat. Geosci. 12, 163–167 (2019) doi:10.1038/s41561-019-0310-1
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Cloud phase feedback
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Cloud phase feedback

ice cloud: 
optically thin

liquid water cloud: 
optically thick
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Cloud phase feedback and climate sensitivity

of the various IN species (15), are additional fac-
tors contributing to the uncertainties in SLFs.
The second cause concerns the fact that mixed-

phase clouds are poorly constrained because of
the difficulty of obtaining observations of these
clouds (16, 17). Although mixed-phase clouds are
ubiquitous in Earth’s mid- and high latitudes (1),
in situ observations of these clouds are naturally
limited by sparse spatial and temporal coverage.
Technical difficulties in distinguishing liquid
and ice particles of varying sizes, as well as arte-
facts associated with ice crystal shattering on
probes (18), further complicate this matter. Sat-
ellite observations by NASA’s Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP)
instrument (19) offer an attractive alternative
by providing global measurements of cloud ther-
modynamic phases since 2006.
To address the aforementioned issues, we

constrained cloud phase in version 5.1 of the
National Center for Atmospheric Research’s
Community Atmosphere Model (CAM5.1) (20)
by using 79 months of observations obtained by
CALIOP. CAM5.1 is a state-of-the-art GCM, used
for climate studies worldwide, and is among the
GCMs that severely underestimate SLFs over the
entire globe relative to satellite observations
(7, 8). To constrain CAM5.1-simulated SLFs to
agree with observations, we adopted a quasi–
Monte Carlo sampling approach to select 256
combinations of six cloud microphysical param-
eters (table S1), among which we included the
WBF process time scale for the growth of ice
crystals and the fraction of atmospheric aerosols
active as IN (12). The WBF process is rendered
less efficient in each case by retarding the time
scale at which the process occurs. The default
CAM5.1 ice nucleation scheme is replaced with
one that has been developed based on in situ
surface and aircraft observations to prognostically
calculate the ice nucleating-particle concentration
using the concentration of large dust aerosols
(21). Out of the 256 simulations, two parameter
combinations (table S1) that yield root mean

square errors of SLF < 0.050 across all isotherms
were implemented into the fully coupled version
of CAM5.1, CESM, version 1.0.6 (22), which in-
cludes interactive full-depth ocean, sea-ice, and
land components. To benchmark these satellite-
constrained simulations (hereafter referred to as
CALIOP-SLF1 and CALIOP-SLF2), fully coupled
simulations using the default model run without
any modifications (henceforth referred to as con-
trol), aswell as twomore caseswith unrealistically
high and low SLFs meant to serve as the upper
and lower bounds (henceforth referred to as high-
SLF and low-SLF, respectively), were also run until
the global net radiation budget at the top of the
atmosphere was balanced with both present-day
and doubled CO2 concentrations, totaling 10 sim-
ulations altogether (table S2 and fig. S1). The sim-
ulated climate states are within realistic bounds
(table S2). SLFs henceforth refer to those aver-
aged over the past 50 years of simulation (the
“mean state”) with present-day CO2 concentra-
tions (the “initial state”).
Themean extratropical (poleward of 30°) SLFs

of the five cases are compared against each other
in Fig. 1A, alongwith their ECS estimates in Fig. 1B.
The correlation between SLF and ECS is evident
upon comparison of the two figures [Pearson cor-
relation coefficient (R) = 0.98, P = 0.0025]. The
ECS estimates monotonically increase with in-
creasing initial-state SLF, exhibiting a range
extending from3.9°C in low-SLF to 5.7°C in high-
SLF. The ECS values of the other three cases
exhibit a wide range of values in between these
two unrealistic extremes. The control case has
an ECS of 4.0°C, which is significantly lower
than the satellite-constrained cases of 5.0° and
5.3°C, for CALIOP-SLF1 and CALIOP-SLF2, re-
spectively. This result suggests that GCMs that
underestimate SLFs may also be severely under-
estimating ECS. The upper bound of the obser-
vationally constrained estimates is greater than
that of 30 GCMs participating in the Coupled
Model Intercomparison Project (CMIP, version 5)
(23). It should be noted, however, that the ECS

estimates of these 30 GCMswere computed using
different methods and thus may not be directly
comparable with the estimates presented here.
This increase in the ECS estimates is directly

linked to a weakened negative cloud-phase feed-
back that affects shortwave (SW)more strongly
than longwave (LW) radiation (2). In this feed-
back, an initial doubling of CO2 concentrations
causes the entire troposphere to deepen. In re-
sponse, isotherms throughout the troposphere
will shift upward in altitude relative to their
location in the initial state. This implies that at
any fixed altitude, there is a greater likelihood
that the SLF of any mixed-phase cloud occupying
that altitude will be higher than that of any pre-
existing cloud at the same altitude in the initial
state. Because mixed-phase clouds with higher
SLFs are more reflective of SW radiation than
those with lower SLFs, the enhanced reflection
of SW radiation back to space counteracts the
CO2-induced warming. The cloud-phase feedback
becomes less pronounced for mixed-phase clouds
with higher initial-state SLFs (24). To illustrate
this effect in the extreme, the feedback effectively
vanishes for mixed-phase clouds with SLFs of
unity, a scenario that is analogous to what occurs
inhigh-SLF (Fig. 2, A andC).Here, the replacement
of ice with liquid after CO2 doubling only occurs
between temperatures extending from ~ –30°C
down to –40°C, which is approximately the tem-
perature threshold for homogeneous freezing
of liquid droplets. Furthermore, its strength is
weakened by the fact that less cloud condensate
exists at colder temperatures. As the negative
cloud-phase feedback weakens, it is less effective
at compensating for other processes that reduce
cloud optical depth,whichmay include the drying
of cloud layers by convective mixing (25) and
rapid cloud adjustments to CO2 (26). At the other
extreme is low-SLF, which exhibits the strongest
cloud-phase feedback (Fig. 2, B and D). Here,
the feedback occurs throughout the heteroge-
neous freezing temperatures (0° to ~ –40°C). Al-
though the cloud-phase feedback operates at all
latitudes, it is strongest in the extratropics. At high
latitudes, its effect on SW radiation is muted by
the polar night.
The change in the gridbox-averaged liquid

water path (DLWP), which measures the change
in vertically integrated cloud liquid water con-
tent under global warming, monotonically de-
creases with increasing initial-state SLF (Fig. 1C).
This is consistent with a weakening of the cloud-
phase feedback. Although DLWP is positive in
low-SLF, control, and CALIOP-SLF1 simulations,
it eventually becomes negative in CALIOP-SLF2
and high-SLF, when the cloud-phase feedback has
weakened to the point that other mechanisms
cause the overall negative DLWP.
The mean extratropical net cloud optical

depth feedback (lt) quantifies the extent to which
changes in the cloud optical depth amplify (lt > 0)
or damp (lt < 0) the initial warming response to
CO2 doubling. The cloud-phase feedback is a
primary but not the sole contributor to the cloud
optical depth feedback by virtue of the vastly
different optical depths of liquid and ice clouds
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Fig. 1. The link between cloud thermodynamic phase partitioning and ECS. Error bars represent the
1s confidence interval. (A) The initial-state extratropical SLFs at the –10°C isotherm. (B) ECS estimates
in response to CO2 doubling. (C) Changes in global mean gridbox-average LWP. (D) Mean extratropical
net cloud optical depth feedback, lt.
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of the various IN species (15), are additional fac-
tors contributing to the uncertainties in SLFs.
The second cause concerns the fact that mixed-

phase clouds are poorly constrained because of
the difficulty of obtaining observations of these
clouds (16, 17). Although mixed-phase clouds are
ubiquitous in Earth’s mid- and high latitudes (1),
in situ observations of these clouds are naturally
limited by sparse spatial and temporal coverage.
Technical difficulties in distinguishing liquid
and ice particles of varying sizes, as well as arte-
facts associated with ice crystal shattering on
probes (18), further complicate this matter. Sat-
ellite observations by NASA’s Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP)
instrument (19) offer an attractive alternative
by providing global measurements of cloud ther-
modynamic phases since 2006.
To address the aforementioned issues, we

constrained cloud phase in version 5.1 of the
National Center for Atmospheric Research’s
Community Atmosphere Model (CAM5.1) (20)
by using 79 months of observations obtained by
CALIOP. CAM5.1 is a state-of-the-art GCM, used
for climate studies worldwide, and is among the
GCMs that severely underestimate SLFs over the
entire globe relative to satellite observations
(7, 8). To constrain CAM5.1-simulated SLFs to
agree with observations, we adopted a quasi–
Monte Carlo sampling approach to select 256
combinations of six cloud microphysical param-
eters (table S1), among which we included the
WBF process time scale for the growth of ice
crystals and the fraction of atmospheric aerosols
active as IN (12). The WBF process is rendered
less efficient in each case by retarding the time
scale at which the process occurs. The default
CAM5.1 ice nucleation scheme is replaced with
one that has been developed based on in situ
surface and aircraft observations to prognostically
calculate the ice nucleating-particle concentration
using the concentration of large dust aerosols
(21). Out of the 256 simulations, two parameter
combinations (table S1) that yield root mean

square errors of SLF < 0.050 across all isotherms
were implemented into the fully coupled version
of CAM5.1, CESM, version 1.0.6 (22), which in-
cludes interactive full-depth ocean, sea-ice, and
land components. To benchmark these satellite-
constrained simulations (hereafter referred to as
CALIOP-SLF1 and CALIOP-SLF2), fully coupled
simulations using the default model run without
any modifications (henceforth referred to as con-
trol), aswell as twomore caseswith unrealistically
high and low SLFs meant to serve as the upper
and lower bounds (henceforth referred to as high-
SLF and low-SLF, respectively), were also run until
the global net radiation budget at the top of the
atmosphere was balanced with both present-day
and doubled CO2 concentrations, totaling 10 sim-
ulations altogether (table S2 and fig. S1). The sim-
ulated climate states are within realistic bounds
(table S2). SLFs henceforth refer to those aver-
aged over the past 50 years of simulation (the
“mean state”) with present-day CO2 concentra-
tions (the “initial state”).
Themean extratropical (poleward of 30°) SLFs

of the five cases are compared against each other
in Fig. 1A, alongwith their ECS estimates in Fig. 1B.
The correlation between SLF and ECS is evident
upon comparison of the two figures [Pearson cor-
relation coefficient (R) = 0.98, P = 0.0025]. The
ECS estimates monotonically increase with in-
creasing initial-state SLF, exhibiting a range
extending from3.9°C in low-SLF to 5.7°C in high-
SLF. The ECS values of the other three cases
exhibit a wide range of values in between these
two unrealistic extremes. The control case has
an ECS of 4.0°C, which is significantly lower
than the satellite-constrained cases of 5.0° and
5.3°C, for CALIOP-SLF1 and CALIOP-SLF2, re-
spectively. This result suggests that GCMs that
underestimate SLFs may also be severely under-
estimating ECS. The upper bound of the obser-
vationally constrained estimates is greater than
that of 30 GCMs participating in the Coupled
Model Intercomparison Project (CMIP, version 5)
(23). It should be noted, however, that the ECS

estimates of these 30 GCMswere computed using
different methods and thus may not be directly
comparable with the estimates presented here.
This increase in the ECS estimates is directly

linked to a weakened negative cloud-phase feed-
back that affects shortwave (SW)more strongly
than longwave (LW) radiation (2). In this feed-
back, an initial doubling of CO2 concentrations
causes the entire troposphere to deepen. In re-
sponse, isotherms throughout the troposphere
will shift upward in altitude relative to their
location in the initial state. This implies that at
any fixed altitude, there is a greater likelihood
that the SLF of any mixed-phase cloud occupying
that altitude will be higher than that of any pre-
existing cloud at the same altitude in the initial
state. Because mixed-phase clouds with higher
SLFs are more reflective of SW radiation than
those with lower SLFs, the enhanced reflection
of SW radiation back to space counteracts the
CO2-induced warming. The cloud-phase feedback
becomes less pronounced for mixed-phase clouds
with higher initial-state SLFs (24). To illustrate
this effect in the extreme, the feedback effectively
vanishes for mixed-phase clouds with SLFs of
unity, a scenario that is analogous to what occurs
inhigh-SLF (Fig. 2, A andC).Here, the replacement
of ice with liquid after CO2 doubling only occurs
between temperatures extending from ~ –30°C
down to –40°C, which is approximately the tem-
perature threshold for homogeneous freezing
of liquid droplets. Furthermore, its strength is
weakened by the fact that less cloud condensate
exists at colder temperatures. As the negative
cloud-phase feedback weakens, it is less effective
at compensating for other processes that reduce
cloud optical depth,whichmay include the drying
of cloud layers by convective mixing (25) and
rapid cloud adjustments to CO2 (26). At the other
extreme is low-SLF, which exhibits the strongest
cloud-phase feedback (Fig. 2, B and D). Here,
the feedback occurs throughout the heteroge-
neous freezing temperatures (0° to ~ –40°C). Al-
though the cloud-phase feedback operates at all
latitudes, it is strongest in the extratropics. At high
latitudes, its effect on SW radiation is muted by
the polar night.
The change in the gridbox-averaged liquid

water path (DLWP), which measures the change
in vertically integrated cloud liquid water con-
tent under global warming, monotonically de-
creases with increasing initial-state SLF (Fig. 1C).
This is consistent with a weakening of the cloud-
phase feedback. Although DLWP is positive in
low-SLF, control, and CALIOP-SLF1 simulations,
it eventually becomes negative in CALIOP-SLF2
and high-SLF, when the cloud-phase feedback has
weakened to the point that other mechanisms
cause the overall negative DLWP.
The mean extratropical net cloud optical

depth feedback (lt) quantifies the extent to which
changes in the cloud optical depth amplify (lt > 0)
or damp (lt < 0) the initial warming response to
CO2 doubling. The cloud-phase feedback is a
primary but not the sole contributor to the cloud
optical depth feedback by virtue of the vastly
different optical depths of liquid and ice clouds
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Fig. 1. The link between cloud thermodynamic phase partitioning and ECS. Error bars represent the
1s confidence interval. (A) The initial-state extratropical SLFs at the –10°C isotherm. (B) ECS estimates
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in the horizontal and 30–40 levels in the vertical [9]. Further-
more, model cloud parameterizations have undergone rapid
development and generally now all include separate prognos-
tic equations for cloud liquid and ice, with source and sink
terms that represent our best knowledge of cloud microphys-
ics, whether anchored in theory, laboratory experiments, field
observations, or remote sensing. This is in stark contrast to the
less sophisticated state-of-the-art GCMs used 25 years ago,
whenMitchell et al. were among the first to include total cloud
condensate (liquid and ice) as a prognostic variable. Until
then, cloud amount had typically been prescribed and the
clouds often had pre-specified radiative properties [10]. It
was in fact Mitchell et al.’s newly improved microphysics at
the time that had allowed the cloud phase change feedback to
surface for the very first time.

Given the rapid evolution of GCMs in recent decades, it is
not at all clear that these earlier findings are valid for the latest
generation of GCMs. An obvious place to look for cloud feed-
backs generated by phase changes in modern GCM simula-
tions is the Cloud Feedback Model Intercomparison Project
(CFMIP) [11]. Using model output from the CFMIP archive,
Zelinka et al. [6, 12, 13] presented a decomposition of the
cloud feedbacks simulated by 11 different GCMs into contri-
butions from cloud height, cloud cover, and cloud optical
depth. In response to CO2 doubling, robust features across
models included the following: (i) at low latitudes, a reduction
in low cloud cover and a decrease in the cloud top pressure of
high clouds, both contributing to a positive cloud feedback
(see Fig. 1); (ii) at mid- and high latitudes, an increase in
mainly cloud optical depth but also cloud coverage, corre-
sponding to a negative cloud feedback. The latter is particu-
larly relevant to this review, as the aforementioned phase tran-
sition that accompanies a CO2 warming is a plausible, but not
necessarily the sole explanation for this feature. This explana-
tion is affirmed by Zelinka et al.’s findings of an ensemble
mean increase in total water path (TWP, gm!2) at high lati-
tudes, which is dominated by an increase in the liquid water
path (LWP, gm!2). Observations consistent with a phase
change feedback have also previously been reported from sat-
ellite data [14, 15], based on the International Satellite Cloud
Climatology Project (ISCCP), and from several thousand in
situ profiles of cloud water content and temperature [16].
These measurements all found that cloud water content tends
to decrease with temperature for warm stratus clouds (temper-
ature T>0 °C), while an increase in water content with

temperature was reported for cold stratus clouds (!35 °C<T
<0 °C). In the early days of climate modeling, Somerville and
Remer [17] used the in situ measurements compiled by
Feigelson [16] to implement a relationship between tempera-
ture and cloud water content in a radiative-convective equilib-
rium model and found a strong negative cloud-climate feed-
back as a result. However, the model configuration did not
allow for simulation of changes in cloud cover or height, a
shortcoming acknowledged by the authors. In state-of-the-art
GCMs, the observed relationship between temperature and
cloud thickness is in fact reasonably reproduced, albeit with
biases [18].

It is worth noting that the poleward shift of mid-latitude
storm tracks has also been proposed as a possible explanation
for the negative high-latitude cloud feedback [e.g., 19]. While
the fact that the high-latitude cloud feedback is dominated by
the change in cloud albedo as opposed to cloud amount does
not support this hypothesis [6], the relative contributions of
the different high-latitude cloud feedback mechanisms in
GCMs remain unclear. However, a recent review of the cloud
radiative response to mid-latitude jet shifts found that this
mechanism can only explain a modest fraction of the mid-
latitude cloud feedback in climate models and thus suggested
a dominant role for thermodynamic effects [20].

With the introduction of prognostic equations for total
cloud condensate, the cloud parameterization in GCMs be-
came much more sophisticated and could begin to account
for phase transitions in a warming climate, albeit in a crude
manner. However, temperature was generally still the sole
factor in determining cloud phase. A handful of GCMs from
this generation of models was compared in terms of their
cloud water content and implications for climate sensitivity
[21]. The study reported an intimate relationship between cli-
mate sensitivity and phase partitioning in clouds at tempera-
tures between !35 and 0 °C (the mixed-phase layer). All
models responded to a doubling of CO2 by producing more
liquid in this temperature range, and in agreement with
Zelinka et al., this increase was mainly constrained to mid-
and high latitudes. Until very recently, this was, to our knowl-
edge, the only study to attempt to follow up on the ideas put
forth two decades earlier. The study attributed the stronger
response at high latitudes to the presence of more cloud ice
in the mixed-phase layer there. Because of the decrease in
insolation with latitude, the resulting increase in cloud albedo,
and thus its effect on climate sensitivity, becomes less

Fig. 2 Flow chart illustrating the
cloud phase feedback, which in
isolation represent a negative
climate feedback

290 Curr Clim Change Rep (2015) 1:288–296

Storelvmo et al, 
Current Climate
Change Rep. 
2015

Tan et al, Science 2016

@-10°C
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Cloud phase feedback and climate sensitivity

of the various IN species (15), are additional fac-
tors contributing to the uncertainties in SLFs.
The second cause concerns the fact that mixed-

phase clouds are poorly constrained because of
the difficulty of obtaining observations of these
clouds (16, 17). Although mixed-phase clouds are
ubiquitous in Earth’s mid- and high latitudes (1),
in situ observations of these clouds are naturally
limited by sparse spatial and temporal coverage.
Technical difficulties in distinguishing liquid
and ice particles of varying sizes, as well as arte-
facts associated with ice crystal shattering on
probes (18), further complicate this matter. Sat-
ellite observations by NASA’s Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP)
instrument (19) offer an attractive alternative
by providing global measurements of cloud ther-
modynamic phases since 2006.
To address the aforementioned issues, we

constrained cloud phase in version 5.1 of the
National Center for Atmospheric Research’s
Community Atmosphere Model (CAM5.1) (20)
by using 79 months of observations obtained by
CALIOP. CAM5.1 is a state-of-the-art GCM, used
for climate studies worldwide, and is among the
GCMs that severely underestimate SLFs over the
entire globe relative to satellite observations
(7, 8). To constrain CAM5.1-simulated SLFs to
agree with observations, we adopted a quasi–
Monte Carlo sampling approach to select 256
combinations of six cloud microphysical param-
eters (table S1), among which we included the
WBF process time scale for the growth of ice
crystals and the fraction of atmospheric aerosols
active as IN (12). The WBF process is rendered
less efficient in each case by retarding the time
scale at which the process occurs. The default
CAM5.1 ice nucleation scheme is replaced with
one that has been developed based on in situ
surface and aircraft observations to prognostically
calculate the ice nucleating-particle concentration
using the concentration of large dust aerosols
(21). Out of the 256 simulations, two parameter
combinations (table S1) that yield root mean

square errors of SLF < 0.050 across all isotherms
were implemented into the fully coupled version
of CAM5.1, CESM, version 1.0.6 (22), which in-
cludes interactive full-depth ocean, sea-ice, and
land components. To benchmark these satellite-
constrained simulations (hereafter referred to as
CALIOP-SLF1 and CALIOP-SLF2), fully coupled
simulations using the default model run without
any modifications (henceforth referred to as con-
trol), aswell as twomore caseswith unrealistically
high and low SLFs meant to serve as the upper
and lower bounds (henceforth referred to as high-
SLF and low-SLF, respectively), were also run until
the global net radiation budget at the top of the
atmosphere was balanced with both present-day
and doubled CO2 concentrations, totaling 10 sim-
ulations altogether (table S2 and fig. S1). The sim-
ulated climate states are within realistic bounds
(table S2). SLFs henceforth refer to those aver-
aged over the past 50 years of simulation (the
“mean state”) with present-day CO2 concentra-
tions (the “initial state”).
Themean extratropical (poleward of 30°) SLFs

of the five cases are compared against each other
in Fig. 1A, alongwith their ECS estimates in Fig. 1B.
The correlation between SLF and ECS is evident
upon comparison of the two figures [Pearson cor-
relation coefficient (R) = 0.98, P = 0.0025]. The
ECS estimates monotonically increase with in-
creasing initial-state SLF, exhibiting a range
extending from3.9°C in low-SLF to 5.7°C in high-
SLF. The ECS values of the other three cases
exhibit a wide range of values in between these
two unrealistic extremes. The control case has
an ECS of 4.0°C, which is significantly lower
than the satellite-constrained cases of 5.0° and
5.3°C, for CALIOP-SLF1 and CALIOP-SLF2, re-
spectively. This result suggests that GCMs that
underestimate SLFs may also be severely under-
estimating ECS. The upper bound of the obser-
vationally constrained estimates is greater than
that of 30 GCMs participating in the Coupled
Model Intercomparison Project (CMIP, version 5)
(23). It should be noted, however, that the ECS

estimates of these 30 GCMswere computed using
different methods and thus may not be directly
comparable with the estimates presented here.
This increase in the ECS estimates is directly

linked to a weakened negative cloud-phase feed-
back that affects shortwave (SW)more strongly
than longwave (LW) radiation (2). In this feed-
back, an initial doubling of CO2 concentrations
causes the entire troposphere to deepen. In re-
sponse, isotherms throughout the troposphere
will shift upward in altitude relative to their
location in the initial state. This implies that at
any fixed altitude, there is a greater likelihood
that the SLF of any mixed-phase cloud occupying
that altitude will be higher than that of any pre-
existing cloud at the same altitude in the initial
state. Because mixed-phase clouds with higher
SLFs are more reflective of SW radiation than
those with lower SLFs, the enhanced reflection
of SW radiation back to space counteracts the
CO2-induced warming. The cloud-phase feedback
becomes less pronounced for mixed-phase clouds
with higher initial-state SLFs (24). To illustrate
this effect in the extreme, the feedback effectively
vanishes for mixed-phase clouds with SLFs of
unity, a scenario that is analogous to what occurs
inhigh-SLF (Fig. 2, A andC).Here, the replacement
of ice with liquid after CO2 doubling only occurs
between temperatures extending from ~ –30°C
down to –40°C, which is approximately the tem-
perature threshold for homogeneous freezing
of liquid droplets. Furthermore, its strength is
weakened by the fact that less cloud condensate
exists at colder temperatures. As the negative
cloud-phase feedback weakens, it is less effective
at compensating for other processes that reduce
cloud optical depth,whichmay include the drying
of cloud layers by convective mixing (25) and
rapid cloud adjustments to CO2 (26). At the other
extreme is low-SLF, which exhibits the strongest
cloud-phase feedback (Fig. 2, B and D). Here,
the feedback occurs throughout the heteroge-
neous freezing temperatures (0° to ~ –40°C). Al-
though the cloud-phase feedback operates at all
latitudes, it is strongest in the extratropics. At high
latitudes, its effect on SW radiation is muted by
the polar night.
The change in the gridbox-averaged liquid

water path (DLWP), which measures the change
in vertically integrated cloud liquid water con-
tent under global warming, monotonically de-
creases with increasing initial-state SLF (Fig. 1C).
This is consistent with a weakening of the cloud-
phase feedback. Although DLWP is positive in
low-SLF, control, and CALIOP-SLF1 simulations,
it eventually becomes negative in CALIOP-SLF2
and high-SLF, when the cloud-phase feedback has
weakened to the point that other mechanisms
cause the overall negative DLWP.
The mean extratropical net cloud optical

depth feedback (lt) quantifies the extent to which
changes in the cloud optical depth amplify (lt > 0)
or damp (lt < 0) the initial warming response to
CO2 doubling. The cloud-phase feedback is a
primary but not the sole contributor to the cloud
optical depth feedback by virtue of the vastly
different optical depths of liquid and ice clouds
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of the various IN species (15), are additional fac-
tors contributing to the uncertainties in SLFs.
The second cause concerns the fact that mixed-

phase clouds are poorly constrained because of
the difficulty of obtaining observations of these
clouds (16, 17). Although mixed-phase clouds are
ubiquitous in Earth’s mid- and high latitudes (1),
in situ observations of these clouds are naturally
limited by sparse spatial and temporal coverage.
Technical difficulties in distinguishing liquid
and ice particles of varying sizes, as well as arte-
facts associated with ice crystal shattering on
probes (18), further complicate this matter. Sat-
ellite observations by NASA’s Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP)
instrument (19) offer an attractive alternative
by providing global measurements of cloud ther-
modynamic phases since 2006.
To address the aforementioned issues, we

constrained cloud phase in version 5.1 of the
National Center for Atmospheric Research’s
Community Atmosphere Model (CAM5.1) (20)
by using 79 months of observations obtained by
CALIOP. CAM5.1 is a state-of-the-art GCM, used
for climate studies worldwide, and is among the
GCMs that severely underestimate SLFs over the
entire globe relative to satellite observations
(7, 8). To constrain CAM5.1-simulated SLFs to
agree with observations, we adopted a quasi–
Monte Carlo sampling approach to select 256
combinations of six cloud microphysical param-
eters (table S1), among which we included the
WBF process time scale for the growth of ice
crystals and the fraction of atmospheric aerosols
active as IN (12). The WBF process is rendered
less efficient in each case by retarding the time
scale at which the process occurs. The default
CAM5.1 ice nucleation scheme is replaced with
one that has been developed based on in situ
surface and aircraft observations to prognostically
calculate the ice nucleating-particle concentration
using the concentration of large dust aerosols
(21). Out of the 256 simulations, two parameter
combinations (table S1) that yield root mean

square errors of SLF < 0.050 across all isotherms
were implemented into the fully coupled version
of CAM5.1, CESM, version 1.0.6 (22), which in-
cludes interactive full-depth ocean, sea-ice, and
land components. To benchmark these satellite-
constrained simulations (hereafter referred to as
CALIOP-SLF1 and CALIOP-SLF2), fully coupled
simulations using the default model run without
any modifications (henceforth referred to as con-
trol), aswell as twomore caseswith unrealistically
high and low SLFs meant to serve as the upper
and lower bounds (henceforth referred to as high-
SLF and low-SLF, respectively), were also run until
the global net radiation budget at the top of the
atmosphere was balanced with both present-day
and doubled CO2 concentrations, totaling 10 sim-
ulations altogether (table S2 and fig. S1). The sim-
ulated climate states are within realistic bounds
(table S2). SLFs henceforth refer to those aver-
aged over the past 50 years of simulation (the
“mean state”) with present-day CO2 concentra-
tions (the “initial state”).
Themean extratropical (poleward of 30°) SLFs

of the five cases are compared against each other
in Fig. 1A, alongwith their ECS estimates in Fig. 1B.
The correlation between SLF and ECS is evident
upon comparison of the two figures [Pearson cor-
relation coefficient (R) = 0.98, P = 0.0025]. The
ECS estimates monotonically increase with in-
creasing initial-state SLF, exhibiting a range
extending from3.9°C in low-SLF to 5.7°C in high-
SLF. The ECS values of the other three cases
exhibit a wide range of values in between these
two unrealistic extremes. The control case has
an ECS of 4.0°C, which is significantly lower
than the satellite-constrained cases of 5.0° and
5.3°C, for CALIOP-SLF1 and CALIOP-SLF2, re-
spectively. This result suggests that GCMs that
underestimate SLFs may also be severely under-
estimating ECS. The upper bound of the obser-
vationally constrained estimates is greater than
that of 30 GCMs participating in the Coupled
Model Intercomparison Project (CMIP, version 5)
(23). It should be noted, however, that the ECS

estimates of these 30 GCMswere computed using
different methods and thus may not be directly
comparable with the estimates presented here.
This increase in the ECS estimates is directly

linked to a weakened negative cloud-phase feed-
back that affects shortwave (SW)more strongly
than longwave (LW) radiation (2). In this feed-
back, an initial doubling of CO2 concentrations
causes the entire troposphere to deepen. In re-
sponse, isotherms throughout the troposphere
will shift upward in altitude relative to their
location in the initial state. This implies that at
any fixed altitude, there is a greater likelihood
that the SLF of any mixed-phase cloud occupying
that altitude will be higher than that of any pre-
existing cloud at the same altitude in the initial
state. Because mixed-phase clouds with higher
SLFs are more reflective of SW radiation than
those with lower SLFs, the enhanced reflection
of SW radiation back to space counteracts the
CO2-induced warming. The cloud-phase feedback
becomes less pronounced for mixed-phase clouds
with higher initial-state SLFs (24). To illustrate
this effect in the extreme, the feedback effectively
vanishes for mixed-phase clouds with SLFs of
unity, a scenario that is analogous to what occurs
inhigh-SLF (Fig. 2, A andC).Here, the replacement
of ice with liquid after CO2 doubling only occurs
between temperatures extending from ~ –30°C
down to –40°C, which is approximately the tem-
perature threshold for homogeneous freezing
of liquid droplets. Furthermore, its strength is
weakened by the fact that less cloud condensate
exists at colder temperatures. As the negative
cloud-phase feedback weakens, it is less effective
at compensating for other processes that reduce
cloud optical depth,whichmay include the drying
of cloud layers by convective mixing (25) and
rapid cloud adjustments to CO2 (26). At the other
extreme is low-SLF, which exhibits the strongest
cloud-phase feedback (Fig. 2, B and D). Here,
the feedback occurs throughout the heteroge-
neous freezing temperatures (0° to ~ –40°C). Al-
though the cloud-phase feedback operates at all
latitudes, it is strongest in the extratropics. At high
latitudes, its effect on SW radiation is muted by
the polar night.
The change in the gridbox-averaged liquid

water path (DLWP), which measures the change
in vertically integrated cloud liquid water con-
tent under global warming, monotonically de-
creases with increasing initial-state SLF (Fig. 1C).
This is consistent with a weakening of the cloud-
phase feedback. Although DLWP is positive in
low-SLF, control, and CALIOP-SLF1 simulations,
it eventually becomes negative in CALIOP-SLF2
and high-SLF, when the cloud-phase feedback has
weakened to the point that other mechanisms
cause the overall negative DLWP.
The mean extratropical net cloud optical

depth feedback (lt) quantifies the extent to which
changes in the cloud optical depth amplify (lt > 0)
or damp (lt < 0) the initial warming response to
CO2 doubling. The cloud-phase feedback is a
primary but not the sole contributor to the cloud
optical depth feedback by virtue of the vastly
different optical depths of liquid and ice clouds
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in the horizontal and 30–40 levels in the vertical [9]. Further-
more, model cloud parameterizations have undergone rapid
development and generally now all include separate prognos-
tic equations for cloud liquid and ice, with source and sink
terms that represent our best knowledge of cloud microphys-
ics, whether anchored in theory, laboratory experiments, field
observations, or remote sensing. This is in stark contrast to the
less sophisticated state-of-the-art GCMs used 25 years ago,
whenMitchell et al. were among the first to include total cloud
condensate (liquid and ice) as a prognostic variable. Until
then, cloud amount had typically been prescribed and the
clouds often had pre-specified radiative properties [10]. It
was in fact Mitchell et al.’s newly improved microphysics at
the time that had allowed the cloud phase change feedback to
surface for the very first time.

Given the rapid evolution of GCMs in recent decades, it is
not at all clear that these earlier findings are valid for the latest
generation of GCMs. An obvious place to look for cloud feed-
backs generated by phase changes in modern GCM simula-
tions is the Cloud Feedback Model Intercomparison Project
(CFMIP) [11]. Using model output from the CFMIP archive,
Zelinka et al. [6, 12, 13] presented a decomposition of the
cloud feedbacks simulated by 11 different GCMs into contri-
butions from cloud height, cloud cover, and cloud optical
depth. In response to CO2 doubling, robust features across
models included the following: (i) at low latitudes, a reduction
in low cloud cover and a decrease in the cloud top pressure of
high clouds, both contributing to a positive cloud feedback
(see Fig. 1); (ii) at mid- and high latitudes, an increase in
mainly cloud optical depth but also cloud coverage, corre-
sponding to a negative cloud feedback. The latter is particu-
larly relevant to this review, as the aforementioned phase tran-
sition that accompanies a CO2 warming is a plausible, but not
necessarily the sole explanation for this feature. This explana-
tion is affirmed by Zelinka et al.’s findings of an ensemble
mean increase in total water path (TWP, gm!2) at high lati-
tudes, which is dominated by an increase in the liquid water
path (LWP, gm!2). Observations consistent with a phase
change feedback have also previously been reported from sat-
ellite data [14, 15], based on the International Satellite Cloud
Climatology Project (ISCCP), and from several thousand in
situ profiles of cloud water content and temperature [16].
These measurements all found that cloud water content tends
to decrease with temperature for warm stratus clouds (temper-
ature T>0 °C), while an increase in water content with

temperature was reported for cold stratus clouds (!35 °C<T
<0 °C). In the early days of climate modeling, Somerville and
Remer [17] used the in situ measurements compiled by
Feigelson [16] to implement a relationship between tempera-
ture and cloud water content in a radiative-convective equilib-
rium model and found a strong negative cloud-climate feed-
back as a result. However, the model configuration did not
allow for simulation of changes in cloud cover or height, a
shortcoming acknowledged by the authors. In state-of-the-art
GCMs, the observed relationship between temperature and
cloud thickness is in fact reasonably reproduced, albeit with
biases [18].

It is worth noting that the poleward shift of mid-latitude
storm tracks has also been proposed as a possible explanation
for the negative high-latitude cloud feedback [e.g., 19]. While
the fact that the high-latitude cloud feedback is dominated by
the change in cloud albedo as opposed to cloud amount does
not support this hypothesis [6], the relative contributions of
the different high-latitude cloud feedback mechanisms in
GCMs remain unclear. However, a recent review of the cloud
radiative response to mid-latitude jet shifts found that this
mechanism can only explain a modest fraction of the mid-
latitude cloud feedback in climate models and thus suggested
a dominant role for thermodynamic effects [20].

With the introduction of prognostic equations for total
cloud condensate, the cloud parameterization in GCMs be-
came much more sophisticated and could begin to account
for phase transitions in a warming climate, albeit in a crude
manner. However, temperature was generally still the sole
factor in determining cloud phase. A handful of GCMs from
this generation of models was compared in terms of their
cloud water content and implications for climate sensitivity
[21]. The study reported an intimate relationship between cli-
mate sensitivity and phase partitioning in clouds at tempera-
tures between !35 and 0 °C (the mixed-phase layer). All
models responded to a doubling of CO2 by producing more
liquid in this temperature range, and in agreement with
Zelinka et al., this increase was mainly constrained to mid-
and high latitudes. Until very recently, this was, to our knowl-
edge, the only study to attempt to follow up on the ideas put
forth two decades earlier. The study attributed the stronger
response at high latitudes to the presence of more cloud ice
in the mixed-phase layer there. Because of the decrease in
insolation with latitude, the resulting increase in cloud albedo,
and thus its effect on climate sensitivity, becomes less

Fig. 2 Flow chart illustrating the
cloud phase feedback, which in
isolation represent a negative
climate feedback
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Cloud phase feedback and climate sensitivity

in the horizontal and 30–40 levels in the vertical [9]. Further-
more, model cloud parameterizations have undergone rapid
development and generally now all include separate prognos-
tic equations for cloud liquid and ice, with source and sink
terms that represent our best knowledge of cloud microphys-
ics, whether anchored in theory, laboratory experiments, field
observations, or remote sensing. This is in stark contrast to the
less sophisticated state-of-the-art GCMs used 25 years ago,
whenMitchell et al. were among the first to include total cloud
condensate (liquid and ice) as a prognostic variable. Until
then, cloud amount had typically been prescribed and the
clouds often had pre-specified radiative properties [10]. It
was in fact Mitchell et al.’s newly improved microphysics at
the time that had allowed the cloud phase change feedback to
surface for the very first time.

Given the rapid evolution of GCMs in recent decades, it is
not at all clear that these earlier findings are valid for the latest
generation of GCMs. An obvious place to look for cloud feed-
backs generated by phase changes in modern GCM simula-
tions is the Cloud Feedback Model Intercomparison Project
(CFMIP) [11]. Using model output from the CFMIP archive,
Zelinka et al. [6, 12, 13] presented a decomposition of the
cloud feedbacks simulated by 11 different GCMs into contri-
butions from cloud height, cloud cover, and cloud optical
depth. In response to CO2 doubling, robust features across
models included the following: (i) at low latitudes, a reduction
in low cloud cover and a decrease in the cloud top pressure of
high clouds, both contributing to a positive cloud feedback
(see Fig. 1); (ii) at mid- and high latitudes, an increase in
mainly cloud optical depth but also cloud coverage, corre-
sponding to a negative cloud feedback. The latter is particu-
larly relevant to this review, as the aforementioned phase tran-
sition that accompanies a CO2 warming is a plausible, but not
necessarily the sole explanation for this feature. This explana-
tion is affirmed by Zelinka et al.’s findings of an ensemble
mean increase in total water path (TWP, gm!2) at high lati-
tudes, which is dominated by an increase in the liquid water
path (LWP, gm!2). Observations consistent with a phase
change feedback have also previously been reported from sat-
ellite data [14, 15], based on the International Satellite Cloud
Climatology Project (ISCCP), and from several thousand in
situ profiles of cloud water content and temperature [16].
These measurements all found that cloud water content tends
to decrease with temperature for warm stratus clouds (temper-
ature T>0 °C), while an increase in water content with

temperature was reported for cold stratus clouds (!35 °C<T
<0 °C). In the early days of climate modeling, Somerville and
Remer [17] used the in situ measurements compiled by
Feigelson [16] to implement a relationship between tempera-
ture and cloud water content in a radiative-convective equilib-
rium model and found a strong negative cloud-climate feed-
back as a result. However, the model configuration did not
allow for simulation of changes in cloud cover or height, a
shortcoming acknowledged by the authors. In state-of-the-art
GCMs, the observed relationship between temperature and
cloud thickness is in fact reasonably reproduced, albeit with
biases [18].

It is worth noting that the poleward shift of mid-latitude
storm tracks has also been proposed as a possible explanation
for the negative high-latitude cloud feedback [e.g., 19]. While
the fact that the high-latitude cloud feedback is dominated by
the change in cloud albedo as opposed to cloud amount does
not support this hypothesis [6], the relative contributions of
the different high-latitude cloud feedback mechanisms in
GCMs remain unclear. However, a recent review of the cloud
radiative response to mid-latitude jet shifts found that this
mechanism can only explain a modest fraction of the mid-
latitude cloud feedback in climate models and thus suggested
a dominant role for thermodynamic effects [20].

With the introduction of prognostic equations for total
cloud condensate, the cloud parameterization in GCMs be-
came much more sophisticated and could begin to account
for phase transitions in a warming climate, albeit in a crude
manner. However, temperature was generally still the sole
factor in determining cloud phase. A handful of GCMs from
this generation of models was compared in terms of their
cloud water content and implications for climate sensitivity
[21]. The study reported an intimate relationship between cli-
mate sensitivity and phase partitioning in clouds at tempera-
tures between !35 and 0 °C (the mixed-phase layer). All
models responded to a doubling of CO2 by producing more
liquid in this temperature range, and in agreement with
Zelinka et al., this increase was mainly constrained to mid-
and high latitudes. Until very recently, this was, to our knowl-
edge, the only study to attempt to follow up on the ideas put
forth two decades earlier. The study attributed the stronger
response at high latitudes to the presence of more cloud ice
in the mixed-phase layer there. Because of the decrease in
insolation with latitude, the resulting increase in cloud albedo,
and thus its effect on climate sensitivity, becomes less

Fig. 2 Flow chart illustrating the
cloud phase feedback, which in
isolation represent a negative
climate feedback
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other anthropogenic influences: 
aerosol emissions (pollution; climate engineering)

surface modifications
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Cloud changes due to aerosols

IPCC AR3, 2007
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Cloud albedo and cloud
lifetime effects: ship tracks

Nsc: additional CCN by ship emissions
Rzb: rain rate at cloud base (contours: 1, 10, 20 mm/day) 

Wang & Feingold, 2009
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Cloud susceptibility

Oreopoulos and Platnick, 2008

-> negative radiative
effect (cooling), but 
only active in remote 
regions. 
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Contrails

Burkhardt & Kärcher, 2011

Fig.: wikipedia

IPCC AR5 global radiative effect: 

Contrails +0.01 W/m2

Contrail-induced cirrus: +0.05 W/m2
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IPCC AR5: radiative forcings

IPCC AR5, 
Fig. SPM.5
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aerosol emissions

aerosol-cloud
interactions: -

Summary


