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Abstract Cloud feedback on global climate is determined
by the combined action of multiple processes that have dif-
ferent relevance in different cloud regimes. This review lays
out the framework for cloud feedback and highlights recent
advances and outstanding issues. A consensus is emerging
on large-scale controls on cloud feedback. Recent work has
made significant progress in the understanding and observa-
tionally constraining the local response of shallow clouds.
But significant uncertainties remain in microphysical mech-
anisms for cloud feedback. Important microphysical mecha-
nisms include cloud phase changes, precipitation processes
and even aerosol distributions. The treatment of these pro-
cesses varies across climate models and may contribute
to greater spread in feedbacks across models as models
advance. Future work will need to try to bound the range
of possible cloud microphysical feedback mechanisms and
seek observational constraints on them.
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Introduction

Clouds are a critical part of the global climate system. They
exert a strong radiative cooling on the planet (~—20 Wm™?)
as the residual of a larger cooling effect (~-50 Wm—2)
and a positive warming effect (~30 Wm~2) [54] depending
on cloud type and optical thickness. Any changes to cloud
radiative effects in response to radiatively forced changes
in climate are not an external forcing, but an internal cloud
feedback that amplifies or damps the forcing. Because of
the number of different cloud types and regimes, and the
dependence of clouds on both micro- and macro-physical
influences, cloud feedback on climate represents the largest
uncertainty in our ability to understand the sensitivity of the
planet to radiative forcing [16, 20, 51].

There has been significant work in the last few years
in new methodologies [65, 66] and new understanding
(reviews by [19, 33]) of cloud feedback. It is now clear
that there are different mechanisms and processes respon-
sible for cloud responses to radiative forcing in different
regimes. But many uncertainties remain, and many relate
to how specific cloud processes and regimes affect cloud
feedback.

This review seeks to synthesize recent work about
the processes that are responsible for cloud feedback.
We review the basic cloud feedback paradigm and cloud
regimes in “Cloud Feedback Paradigm”. We then discuss
the processes affecting cloud feedback in different regions
(“Cloud Feedback Processes”) and aerosol-mediated cloud
feedback in “Aerosol-Mediated Cloud Feedback”. We dis-
cuss observational evidence and constraints on how cloud
processes may change in “Observations of Cloud Feedback
and Emergent Constraints”. Summary and conclusions are
in “Discussion”.
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Cloud Feedback Paradigm
Physics of Cloud Radiative Effects

Clouds influence the global radiation budget by reflecting
sunlight (a cooling influence) and by adding to the green-
house effect (a warming influence). The cloud radiative
effect (CRE) thus has shortwave (SW) and longwave (LW)
components.

The shortwave CRE of a cloud is proportional to the
cloud albedo relative to clear sky. The former is determined
mainly by optical thickness (r), which for liquid clouds is
approximately

r ~ LYON (0

where L is the liquid water path (LWP) and N, the cloud
drop number concentration [70, Eq. 19]. Optical thickness
ranges from small values (r < 1) for thin or sub-visible
(t < 0.01) ice clouds, which reflect very little sunlight, up
to several hundred for opaque and deep clouds whose albedo
can approach 70% or more. Increases in N, can increase
cloud albedo if L is unaffected. However, cloud SW feed-
back is likely to be dominated by changes in L or cloud
cover or phase. For ice, 7 is affected strongly by the opti-
cal properties of the shape of ice crystals, which are highly
variable.

The greenhouse effect (LW CRE) of an opaque cloud
(r > 1) is determined by the difference between the tem-
perature of the cloud top and the clear sky effective emitting
temperature. This difference increases with the altitude of
the cloud top. Clouds with water contents below about 20
gm’2 [53], which includes many cirrus clouds, will usually
not be opaque. In this case, their LW CRE is diminished,
vanishing to zero as t approaches zero. While LW CRE sat-
urates once T much exceeds unity, SW CRE continues to
increase even to very high . This is because SW photons
are scattered while LW ones are mostly absorbed: many SW
photons can penetrate a cloud even if its t is very high, but
the likelihood of this decreases the higher t becomes.

For most clouds in the present climate, SW CRE domi-
nates over LW CRE. Exceptions are high thin or sub-visible
cirrus clouds, whose low t produces negligible albedo but
a non-negligible greenhouse effect. Net cloud feedback on
climate arises because of a shift in the balance of LW and
SW influences. Such a shift can come either from changes
in the location or extent of clouds, or from changes to their
optical properties.

Feedback Framework

Roughly speaking, cloud feedback (CF) is a response
of CRE to global temperature changes (i.e., CF =
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dCRE/dTy), usually divided into SW and LW components.
The changes in CRE can be estimated locally. However,
because CRE depends on the clear sky emissivity (affected
by water vapor, temperature and surface albedo), isolating
the cloud feedback requires dCRE to be corrected for non-
cloud changes, for example using radiative kernels [51].
Changes in CRE can be decomposed by cloud type: usually
by altitude and optical thickness, where the cloud radiative
effects and their change are a sum of effects from different
cloud types [66]. The decomposition can be done with off-
line radiative transfer calculations for each cloud type [66]
or using observations of clouds and their radiative effects
[65]. This decomposition naturally provides the ability to
distinguish different cloud regimes that contribute to cloud
feedback. Clouds can be examined regionally by height and
thickness, although it requires careful interpretation since,
for example, a change in the ratio of high to low cloud cover
can appear as a height feedback [68].

To determine cloud feedback, cloud changes are pre-
dicted as a function of some future global temperature
increase dT;. We cannot observe a dT; caused by future
greenhouse gases, but we can observe naturally occurring
perturbations about the current 7. If the response is the
same to both, then observations can be used as “analogs”
of future change (see “Observations of Cloud Feedback and
Emergent Constraints”). The problem with such analogs is
that observed dT; over the period of good cloud and radi-
ation measurements (the last 10-20 years) mostly result
from modes of climate variability (e.g. El Nifio South-
ern Oscillation, ENSO), that have very heterogeneous local
temperature signatures and may therefore produce a dif-
ferent cloud response than would a forced climate change
[18]. While one could try to overcome this by working out
local temperature-cloud relationships, processes responsi-
ble for cloud feedback may not be directly related to global
or local surface temperature. For example, cloud feedback
in low cloud regimes likely depends on ambient humid-
ity in the boundary layer and free troposphere, strength
of the PBL inversion and large scale overturning that
maintains these processes (“Cloud Feedback Processes”).
These processes will not in general be directly related to
local T5.

So another approach to the problem of cloud feedback
has been to determine which cloud processes are responsible
for cloud feedback in models and then which models best
represent these processes in the present day. The processes
are commonly approached from a top down correlation
level where a particular property of the cloud climatology
or their environment “emerges” as highly correlated with
cloud feedback or climate sensitivity (e.g. [48]). Then, the
observations of this property provide a “constraint” on cloud
feedback (e.g. [19]).
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a SW Cloud Feedback Component b

Global Mean = 0.37 W m2 K

LW Cloud Feedback Component c

Global Mean = 0.21 W m2 K"

Net Cloud Feedback Component

Global Mean = 0.57 W m2 K™

Fig.1 Map of mean cloud feedbacks for a SW, b LW and ¢ Net using cloud radiative kernels estimated by 11 models. Reprinted with permission

from Zelinka et al. [66]

Spatial Distribution of Cloud Feedback

In the late 20th century, cloud responses emerged as the
main source of disagreement in climate models [13]. Subse-
quently it became clear that this disagreement largely arose
from low-level cloud behavior (e.g. [4]). For low clouds,
most changes to CRE will occur through SW radiation espe-
cially over the dark oceans. Thus, changes to the cloud
optical thickness and extent are prominent. For high cloud
amount (and to a lesser extent for high cloud optical thick-
ness changes), impacts will occur in both the LW and SW,
largely cancelling in the net radiation. For high cloud alti-
tude changes, only the the LW changes (with cloud top
temperature).

Figure 1, adapted from Zelinka et al. [66], shows the
spatial distribution of cloud feedback simulated by a set of
climate models. The feedback is positive in most regions,
with a component from the SW (Fig. 1a) and LW (Fig. 1b)
yielding a global mean net feedback of ~0.6 Wm™2K~!.
Shifts in the distribution of high tropical clouds produce
contrasting patterns of SW and LW feedback in the trop-
ics but generally with a positive net feedback. Net positive

Fig. 2 Regression slope
between local net Cloud
Feedbacks (Wm~2 K~!) and
global temperature change (K)
predicted by 2100 under the
RCP8.5 scenario among 11
CMIP5 models. Reprinted with
permission from Vial et al. [63]

feedback outside of the deep tropics is dominated by pos-
itive SW contributions in the sub-tropics and storm tracks
in stratus and stratocumulus regimes, implying a reduction
in cloud amount or optical depth. The main exception to
the overall positive pattern is over the polar oceans, where
a strong negative SW feedback is only partly offset by LW
feedback. This comes from clouds with a net cooling effect
on the poleward edges of the storm track.

Figure 1 masks significant variations among models. It
is particularly useful to examine the across-model relation-
ship between the spatial distribution of cloud feedback and
the change in global mean temperature. Figure 2 indicates
which regions have cloud feedbacks that are important in
driving the spread in climate sensitivity. The regression
slopes are weak or negative at high latitudes and over con-
tinents, but are positive and large over nearly all other
oceans. This confirms that sub-tropical oceans are an impor-
tant contributor (mainly because of their large area). The
responses along the equatorial Pacific and Indian oceans
are also important. This picture may vary depending on the
ensemble of models considered; for example, Soden and
Vecchi [50] found in the earlier CMIP3 model set a slightly

Regression slopes (Wm2K?)

-1.8 -1.4

-1.0 -0.6 -0.2 0.2 0.6 1.0 1.4 1.8
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stronger role for marine stratus regions, while Gettelman
and Chen [22] found a dominant role for the sub-tropics and
mid-latitude storm tracks in explaining changes in climate
sensitivity of successive versions of the NCAR model.

Cloud Feedback Processes

Regional analysis provides a basis for linking cloud types in
different locations with specific processes. Recent analyses
of climate models and studies employing detailed cloud-
system simulations are rapidly advancing our understanding
of the mechanisms likely to cause cloud feedback. Observa-
tions are also being used to narrow down which mechanisms
are more realistic and how strong they are.

Mechanisms Mediated by the Large-Scale Circulation

Clouds are strongly coupled to environmental flows and to
humidity on large scales (>100km) well resolved by current
climate models. This leads to expected large-scale shifts in
the cloud distribution due to anticipated changes to the cir-
culation and humidity. These processes were emphasized in
the most recent IPCC report [6, 20] and will be summarized
here along with recent work.

High Cloud

The most important such mechanism is the cloud-height or
Fixed-Anvil Temperature (FAT) mechanism. Hartmann and
Larson [28] noted that the overturning circulation of the
troposphere (convective outflow) balances convective heat-
ing and radiative cooling. Since the cooling is mostly due
to water vapor, it stops when the temperature becomes too
cold to contain an optically thick quantity of water vapor. In
this way, the convective outflow level (and hence anvil and
thick cirrus clouds) should remain near 200K as the temper-
ature warms (though warming slightly due to changes in the
air divergence profile, [67]). Thus, the greenhouse effect of
high clouds gets larger, because the cloud temperature does
not change while the clear sky emission off a warmer sur-
face is larger. There is recent evidence that high cloud tops
are getting higher [40]. The magnitude of this feedback is
proportional to the area of deep cloud [64].

High cloud area may also expand or contract in response
to the large scale overturning circulation and the supply
of moisture. It is expected that the overall overturning cir-
culation will slow, reducing the transport of mass into the
upper troposphere, which might reduce high cloud fraction
although the net feedback effect of this is unclear. It may
depend on enhanced convective organization and upper tro-
pospheric stability [5] or precipitation efficiency of deep
convective cloud systems that supply moisture to the upper
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troposphere [35, 71]. A reduction in high clouds is seen in
GCMs over land where deep convective uplift slows and the
moisture supply is limited and relative humidity drops as
land warms faster than oceans [30]. This contributes slightly
to positive feedback in models.

Poleward Shift

The subtropical dry zone and mid-latitude storm tracks
appear to be shifting poleward in both observations [2, 40]
and simulations [26]. Such shifts are projected as a response
to changing equator to pole temperature gradients and baro-
clinicty [14] resulting from greenhouse gas increases and
ozone depletion in the Southern Hemisphere [17]. However,
the magnitude of the observed shift depends on the metrics
used [17]. Poleward jet shifts would be expected to shift
clouds to regions of weaker insolation, giving a positive
feedback effect. Grise et al. [27] for example concluded that
the ozone-induced poleward jet shift in the southern hemi-
sphere in a single model (CAM3) caused a 0.25 Wm ™2 net
warming due to reduced cloud amount in mid-latitudes. This
is not necessarily the case in all models [26].

This picture is complex for several reasons. The area of
the storm track regimes may change as it moves poleward.
This may alter the balance of cloud radiative effects. Sec-
ond, changes to cyclone structure or wind speed may be
driven by large-scale dynamics (baroclinicity of the equa-
tor to pole temperature gradient). Finally, recent studies
[11, 31] have found that simulated cloud radiative effect
changes in storm track regions appear to be dominated by
a direct effect of temperature change rather than latitudi-
nal shift of the background cloud field (see “Cloud Phase”).
Observations analyzed by Tselioudis et al. [59] confirm this
but suggest that tropical expansion does significantly affect
cloud cover.

Marine Stratocumulus

The largest cloud feedback regime is over the subtropical
oceans from 20 to 40° N and S latitudes. These regions
typically feature low-level trade cumulus, stratocumulus
and marine stratus clouds. The stratus-covered regions
on the eastern edge of ocean basins in the sub-tropics
have large cloud radiative effect (although small area) and
contribute significantly to feedback spread among mod-
els. These overcast stratus regions have therefore become
a particular focus of cloud feedback studies, which for
simplicity often focus on the relatively horizontally homo-
geneous situation of a cloud-topped shallow convecting
layer.

Such cloud layers are highly sensitive to the moisture and
thermodynamic structure of the planetary boundary layer
(PBL) and in particular to the strength of the inversion at
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cloud top. Shallow cumulus clouds are also sensitive to
moisture above the PBL (e.g. [45]).

Cloud feedback in the strato-cumulus cloud region is
tightly coupled to both the optical depth and the extent of
clouds. These factors combine microphysics (see below)
with changes to the cloud environment. Recent advances in
our understanding of low cloud feedback have recently been
reviewed by Kamae et al. [30] and Bretherton [7].

Bretherton [7] reviewed four mechanisms involved in low
cloud feedback in high resolution modeling, illustrated in
Fig. 3. (1) Inversion strength: observations and theory indi-
cate that the strength of the cloud-topping inversion controls
low-cloud cover and/or thickness by suppressing turbulent
motions that would break up the cloud and trapping evapo-
rated moisture in the PBL. In a warmer climate, the inver-
sion is expected to strengthen due to the moist-adiabatic
profile of temperature increase, promoting more/thicker low
cloud, though there are some additional complex inter-
actions [42]. However, stronger inversion and a warmer
climate also mean a larger (2) moisture gradient between
the boundary layer and troposphere. This means the same
amount of turbulent entrainment of air from above the inver-
sion into the cloud layer will have a greater net drying effect,
leading to a thinner cloud (see also e.g. [10]), in opposition
to #1. This is similar to the entrainment liquid flux feedback
mechanism introduced by Bretherton and Blossey [8] that
thins boundary layer cloud. As net low cloud (3) radiative
cooling decreases in a warmer world because the atmo-
sphere has more water vapor, it is less efficient at radiating
to space. This may decrease turbulent motions at cloud top.
On average, turbulence entrains air from above the cloud
layer at a rate that matches large-scale subsidence. Thus,
to be in balance with a lower subsidence rate, the cloud
top will be lower, and it will be thinner [7]. But as subsi-
dence and large-scale ascent driven by (4) dynamics slow
in a warmer world, reduced subsidence should thicken and
raise the cloud layer, opposing #3.

Radiative: -Rad cooling = -Turbulence > -Entrainment = Lower, Thinner Cloud
+ Inversion strength = -Entrainment = Lower, Thicker Cloud

Dynamic: -Subsidence = Top & Base Rise = -Turbulence = Thicker Cloud
+ V Moisture = thinner cloud for same entrainment

ARad Cooling ASubsidence

Rad Driven Turbulence Free Troposphere

Inversion Layer

Layer

PBL
AMoisture

(H,0) \\\ ATemperature (T)
\

| Ocean l

Fig. 3 Marine boundary-layer stratocumulus cloud feedback mecha-
nisms as described in the text following Bretherton [7]

All four of the mechanisms are ultimately linked to
increases in water vapor in a warmer climate. The four
mechanisms also overlap to some extent since, for exam-
ple, stronger subsidence also strengthens the inversion and
may alter the moisture gradients. While LES studies indi-
cate that the cloud-depleting mechanisms dominate, since
cloud feedback is almost always positive [7], it does not pro-
vide robust quantitative limits on shallow cloud feedback.
Progress toward constraining the net result may therefore
require reformulating the problem.

A number of recent studies [38, 41, 42] have attempted
to do this by approximating low-cloud amount as a linear
function of factors including local SST and a measure of
inversion strength. Coefficients in this function are deter-
mined empirically, and model feedbacks explored using the
same equation. These studies also consider much broader
subtropical regimes, rather than only the relatively small
area of persistent marine stratus. They find that higher SST
(other things equal) reduces cloud amount, that a stronger
inversion (other things equal) increases it [38], and that the
SST effect accounts for most of the model feedback spread
[42]. Observations support an SST effect toward the high
end of the model range, thus a strong positive shallow cloud
feedback [43].

Convection and the Low-Cloud Problem

Low cloud feedback can arise in a sub-tropical region
extending from just outside the deep convective regions
through the equatorward branch of the storm track. This
area intercepts roughly half of incoming sunlight and is
the largest contributor to positive SW cloud feedback [4,
23]. Much of the area is characterized by isolated shallow-
to mid-top cumulus clouds that occasionally rain. It is not
clear how well the mechanisms 1-4 above that dominate
in a non-raining sub-tropical stratus situation will gener-
alize to this broader sub-tropical region, or generalize to
the whole tropics or the mid-latitudes. Similar to the flux
mechanism for low cloud described by Bretherton and
Blossey [8], Rieck et al. [44] found that increased latent
heat flux in a warmer climate drives larger liquid water
and buoyancy fluxes in cumulus layers, causing deepening
by penetrative entrainment, lowering of relative humid-
ity in the cumulus and subcloud layers, and a consequent
slight reduction in cumulus cloud cover and liquid water
path. However, given the importance of precipitation for-
mation in the evolution of these clouds and the variations
in cloud depth, one must consider whether turbulent-mixing
and/or microphysically mediated feedback effects are
important.

Indeed, a number of climate model studies have high-
lighted the important role of shallow and/or deep cumulus
convection in simulated global cloud feedback. Gettelman
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et al. [23] noted that the change of shallow cumulus param-
eterization in the Community Atmosphere Model version
5 (CAMYS) significantly increased the climate sensitivity
by cloud feedback in the sub-tropics on the equatorward
flank of the sub-tropical jet. Subsequent results in another
model indicate this is a sensitivity to the entrainment
and precipitation efficiency in moderate ascent and subsi-
dence regions [71]. Similarly, Tomassini et al. [57] reported
that the climate sensitivity of the MPI-ESM GCM could
be changed from 3 to 10°C by such convective-scheme
changes, although it seems very difficult to produce low
sensitivities in the model [35].

However, Webb et al. [64] found that the spread in global
cloud feedback among a subset of CMIP5 climate mod-
els run for CFMIP with their deep and shallow convective
representations switched off did not narrow substantially
compared to what it had been in the standard versions of
the models. This presents a conundrum since it seems to
directly conflict with the aforementioned experiences of
teams at individual modeling centers, and deserves fur-
ther attention. Two factors argue against a dominant role
for deep convection in setting overall low-cloud responses.
First, local cloud-environment correlations in the present-
day climate seem able to predict climate-change responses,
at least among “good” models [38]. Second, most of the
spread in model responses is attributable to sensitivity to
local SST rather than inversion strength [43, Fig. 1], with
only inversion strength sensitive to remote convection. But
the cloud-environment correlations do not rule out a signif-
icant role for shallow convective motions which may also
correlate with the environment and may help mediate the
SST sensitivity.

Sherwood et al. [48] noted that both small- and large-
scale circulations will govern mixing of moisture upward
out of the boundary layer globally; provided evidence that
this transport increases with warming due to the increas-
ing vertical moisture contrast, analogous to mechanism #2
above for marine stratus; and found that this effect depends
on present-day circulations. Observations indicated the rele-
vant circulations are relatively strong, implying cloud feed-
back toward the high end of the model range, supporting
the empirical low-cloud studies noted above. In simulations,
Webb et al. [64] found more positive cloud feedback consis-
tent with less moist static energy (MSE) near the top of the
PBL (850hPa) implying stronger mixing and drying of the
PBL.

By adjusting convective parameters, Zhao et al. [71] were
able to produce versions of the GFDL model with a range
of ECS values despite having similar amounts of the mix-
ing implicated by Sherwood et al. [48]. Zhao et al. [71]
found that differences in the treatment of autoconversion
of cloud water to precipitation resulted in changes to ECS.
Cloud feedback was positive or negative depending on how
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precipitation efficiency was affected by initial water vapor
content. If efficiency did not increase, more vapor in
updrafts led to approximately adiabatic increases in water
provided to mid-level clouds, producing a negative feed-
back similar to that originally suggested by Somerville
and Remer [52]. Studies have suggested that this behavior
is unrealistic [61], but this deserves revisiting. Mauritsen
and Stevens [35] explore a similar mechanism, noting that
highly temperature-dependent precipitation efficiency can
produce opposite effects on cloud and water-vapor feed-
backs and also strongly affect hydrologic sensitivity.

In summary, climate model behaviour suggests that over-
all cloud feedback including the important low-cloud contri-
bution is sensitive to precipitation and convective processes
on multiple scales. However, it also appears that a sig-
nificant part of model spread is caused by differences in
how low clouds are parameterized [41]. It is likely that
low-cloud amount itself can radiatively amplify cloud feed-
back [9] and drive convective circulations [39], so that
multiple low-cloud feedback mechanisms could be linked
together and depend on deeper circulations. Microphysical
processes for precipitation formation and efficiency may
also be important in convective clouds.

Cloud Phase

Clouds can contain liquid and ice particles of a wide range
of sizes and (for ice) shapes. Once large precipitation par-
ticles form, they can deplete a cloud of water and limit the
size eventually attained by the cloud. Most precipitation in
the present climate originates with frozen particles, making
the ice phase important for limiting cloud extent. Because
of the lower equilibrium vapor pressure over ice compared
to liquid [37], ice particles grow rapidly at the expense
of liquid when both phases co-occur, reducing cloud opti-
cal depth and quickly initiating precipitation which further
depletes cloud water content, optical depth and horizontal
extent.

At high latitudes, there is a distinctive negative SW cloud
feedback (Fig. la). This results from a thermodynamic
response of cold clouds having more liquid at warmer tem-
peratures, suppressing precipitation and producing higher
cloud optical depth and persistence in warmer states [12,
15, 22, 60]. The simulated response does not appear to be
related to shifts in the storm track (‘“Poleward Shift”), but
rather follows the thermodynamic response to temperature
[11, 31] and is purely a cloud microphysical phenomenon.
This “optical depth” feedback is seen in satellite observa-
tions [58] and models [25], though it may be too strong in
models [56].

Models have a diversity of approaches for cloud micro-
physics in the mixed phase, and hence a spread of
cloud feedbacks in this region [36]. Complicating matters,
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models tend to have a deficiency in cloud liquid in mid and
high latitudes, driving a surplus of absorbed solar insolation
and low base state CRE (Flato et al. 2013). This is largely
due to missing supercooled liquid water in these regions
[3, 55] and may contribute to an overestimated negative
feedback in these regions by shifting the typical latitude of
liquid-ice transitions and, therefore, the latitude where the
phase feedback operates, toward the equator [11]. Consis-
tent with this hypothesis, Tan et al. [55] optimized a model
for supercooled liquid against observations and found that
this substantially increased the model’s climate sensitivity
(attributing this to the above phase feedback mechanism),
but this result should be viewed with caution due to signif-
icant changes in the modified model’s mean climate, and
absence of an impact on overall radiative fluxes in another
model where the modified mean climate was more realistic
[32]. Thus, while it is plausible that current models have a
too-strong negative phase feedback, further work is needed
to robustly diagnose and quantify the problem.

Aerosol-Mediated Cloud Feedback

Finally, there are potential modifications to clouds by
aerosols. Since cloud drop number concentrations are sensi-
tive to the aerosol population that acts as cloud condensation
nuclei [62], aerosols can alter cloud drop number concen-
trations and alter cloud optical thickness and CRE (Eq. 1).
While the effect most often considered is the forcing due to
an exogenous (e.g. anthropogenic) aerosol source, if aerosol
amounts change due to climate and this affects clouds, the
result would be an aerosol-mediated cloud feedback.

Warmer climates may have different aerosol distribu-
tions, either from changes in anthropogenic emissions or by
responses of natural aerosols to changes in climate state.
Likely mechanisms for the latter could include the impact
of ocean wind speed changes on sea salt aerosol or the
impact of aridity changes in fire- or dust-producing land
regions. Korhonen et al. [34] estimated a substantial nega-
tive feedback due to strengthening winds over the Southern
Ocean driving aerosol and albedo increases. Note that there
is an observed increase in Southern Ocean winds (e.g. [49]),
though the observed wind changes may be due to ozone
depletion. Gettelman et al. [24] found a similar increase
in future wind speed and negative aerosol-mediated cloud
feedbacks also arising from changes in dust emission and
deposition. In addition, Gettelman et al. [24] found differ-
ent cloud feedback with different levels of anthropogenic
aerosols held constant in time, with a global effect up to
50 % of the total cloud feedback.

Because models treat aerosols and aerosol effects on
clouds quite differently, any aerosol-mediated feedback is
likely to be very different from one model to another. For

example, differences in the base-state aerosol loading across
models may alter base state of cloud optical depth (Eq. 1)
by altering drop number, and this could cause inter-model
spread in cloud feedback. Or different levels of aerosols
would create different aerosol feedbacks, aliased into cloud
feedback. Thus, aerosol effects could be a contributor to
the spread of cloud feedback simulated in newer-generation
models; consistently accounting for aerosol effects may
reduce the spread of simulated cloud feedback.

Observations of Cloud Feedback and Emergent
Constraints

To what extent can we observe harbingers of these different
cloud processes and responses in the present-day climate,
and how can these observations improve our understanding
of cloud feedback?

One approach is to fit natural co-variability of the top-
of-atmosphere radiative balance and global surface tem-
perature to the basic linear feedback model of the climate
system (see [46]) to infer the feedback parameter (e.g. [21].
This assumes that global-mean cloud radiative effect will
respond consistently to a global-mean temperature change
regardless of the regional pattern or cause of the change, a
strong assumption that must be tested carefully in models
(see [6, 47]). Andrews et al. [1] have shown non-linearities
in the feedback parameter on short timescales (<20 years).
Zhou et al. [72] have recently shown that the approach
can work with a sufficiently long record, but the available
observing record is too short to constrain cloud feedback to
arange any narrower than that in current models. It remains
to be seen whether more sophisticated approaches might
reveal more powerful constraints with the current length of
the observational record.

A more indirect paradigm is that of “emergent con-
straints” (see the review of Klein and Hall [33]), where
links are sought between observable characteristics of the
present state and feedbacks. Such constraints have typi-
cally been discovered by applying a correlation approach
to an ensemble of climate models, correlating simulated
cloud feedback or sensitivity to some observable quan-
tity; this can be thought of as a highly targeted model
evaluation.

Emergent constraints include low cloud dependence on
SST and inversion strength in trades or subsidence regimes,
which imply positive feedback from these clouds (“Marine
Stratocumulus”). Zhai et al. [69] furthermore show that
the seasonal cycle of cloud fraction in subsidence regions
decreases with increasing SST in a similar way to climate
change responses to rising SST. In principle, the emergent-
constraint approach could be applied to other feedbacks
(cloud height, poleward shift, etc.). So far, the focus has
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been on low clouds because the spread of GCM behavior for
subtropical low cloud is broad.

Emergent constraints have also been sought for the
total global climate sensitivity. Sherwood et al. [48] found
a global constraint based on indices of upward water
vapor transport linked to known feedback mechanisms,
was previously noted; others have reached similar conclu-
sions of high real-world sensitivity using a range of other
observables. However, as pointed out by Klein and
Hall [33], none of these other constraints come with an
explanatory mechanism and could be fortuitous. Further-
more, the constraints often depend on the processes and
feedbacks in particular sub-sets of models [29].

Moreover, microphysical mechanisms might exist that
significantly (or systematically) affect cloud feedback even
though they may not have been strongly expressed in pre-
vious CMIP model ensembles. This may happen through
microphysical effects on precipitation in convective clouds
[71] or responses to aerosol loading that alter cloud LWP
and N, [24].

Thus, emergent constraints must be viewed with suspi-
cion as long as the possibility rem ains that climate models
may all be missing some important feedback mechanism (no
matter how many constraints appear and even if they are all
consistent).

Discussion

It is clear that cloud feedback is complex, arising from
a series of different processes each potentially acting in
multiple cloud regimes. Processes relate to the large scale
environment (e.g. mixing, moisture flux, radiative cooling)
and to cloud microphysics (precipitation efficiency, cloud

Aerosol Effects

Tropical

phase, aerosols). These different regimes and processes are
illustrated in Fig. 4 overlying a map of kernel adjusted cloud
feedback following Gettelman et al. [24], similar to the
multi-model ensemble of Fig. 1c. These regimes may evolve
differently in response to climate change, which may con-
found the search for a single dominant emergent constraint
on cloud feedback. Also note that even similar regimes
behave differently: the different stratus regions can have
different net cloud feebacks (Fig. 1c and Fig. 4).

A subtlety of the problem of cloud feedback is that
changes to cloud radiative properties will result from
intermediate effects not directly traceable to local surface
temperature alone. For example, low cloud changes will
respond to the local boundary layer turbulence and stability
(Fig. 3). These phenomena are influenced by the strength of
the inversion and free tropospheric humidity, in turn gov-
erned by large-scale circulations; the motion of the storm
tracks is also governed by planetary circulations and tem-
perature gradients. Cloud microphysical responses such as
precipitation efficiency might depend on aerosols, also not
traceable to local or global temperature.

Our analysis and review highlights the key regimes
shown in Fig. 4. (1) Tropical high cloud feedback (Blue
in Fig. 4) is likely positive, and depends on the large-scale
environment and radiative balance. However, the moisture
supply to the upper troposphere may depend on the pre-
cipitation efficiency and/or organization of deep convective
clouds. (2) Sub-tropical shallow cloud feedback in subsi-
dence regimes (Red in Fig. 4) is also likely positive, and
depends on a balance of local and non-local processes.
(3) The shallow convective regime (also Red in Fig. 4)
also seems highly sensitive to the representation of entrain-
ment between shallow cumulus and their environment. This
regime extends to the equatorward branch of the storm

I | _' I—r-\\ &\‘ 4 i
Cirrus | =

| Stratus I

| Cloud Phase ()

Subtropical
Strato-Cu

I

) ¢
{4%e]

[ T T (1]

5 1 4 45 ¢

Net Cloud Feedback [Wm-2K-1]

Fig. 4 Cloud Feedback by regime/process. Net kernel adjusted cloud feedback estimate based on simulations in [24] using 20 years each of 30
ensemble members for the end of the 21st century with RCP8.5 in a single model. Key processes and regimes highlighted with different colors
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tracks, and is also present in mid-latitude cyclones. The sub-
tropics are the largest area of any of the regimes examined,
and seem to induce the largest effect.

Tropical and mid-latitude storm systems contain a spec-
trum of cloud regimes. Warmer frontal clouds in midlatitude
cyclones may respond to changes in storm dynamics, but
little analysis of cloud feedback in this regime exists. (4)
The cold sector of cyclones has cold stratocumulus clouds
with super-cooled liquid. In this regime (Purple in Fig. 4)
and at higher latitudes (in polar stratiform clouds) the tran-
sition from liquid to ice is important for understanding
cloud lifetime, and is controlled by mixing/entrainment and
microphysics. (5) Cloud phase effects due to thermody-
namics are a negative feedback at high latitudes (Purple in
Fig. 4) and may also depend on ice nucleation and freez-
ing processes. It remains to sort out any feedback effects
of cloud shifts (or not) due to shifts in the storm tracks
independent of thermodynamics. (6) Aerosols (Yellow in
Fig. 4) may also impact cloud feedbacks, both by providing
an aerosol feedback, and by being included in analysis of
cloud feedback.

Consensus emerged in Boucher et al. [6] on large-
scale mechanisms for cloud feedback, particularly for high
clouds. Significant progress has been made since then in
understanding and observationally constraining the more
local responses of shallow clouds and relating shallow cloud
feedback to specific processes such as mixing. Deeper cir-
culations (which impact sub-tropical mixing) are also sen-
sitive to the representation of convection in models. Mixing
and turbulence are related to several different parameteriza-
tions in models, as well as coupled to the general circulation.
Refining boundary layer, mixing (diffusion), convection and
turbulence schemes through the use of observations and
traceability to fine scale models may help to understand and
improve our ability to simulate cloud feedbacks.

Current work is also highlighting important ways in
which the microphysics and microphysical state of precipi-
tating cloud regimes is important for cloud feedback. These
include aerosol-mediated effects and effects on mixed phase
clouds, especially in middle and high latitudes. The role
of cloud microphysics in setting and altering deep convec-
tive precipitation efficiency may also be important for cloud
feedback. Significant uncertainties remain in microphysical
mechanisms, the treatment of which in climate models is
still in its infancy.

Narrowing the spread of simulated cloud feedbacks
involves focusing on key regimes and trying to simulate
cloud processes with as much fidelity as possible. Aerosol
effects in models should be examined for their impact on
cloud feedbacks, and the effects from climate changes con-
sidered separately as an aerosol feedback. Focusing on
regimes leads naturally to a physical basis of key processes
for understanding emergent constraints on clouds in the

present day. These regimes are complex, and improving the
understanding and representation of cloud processes will
involve use of observations from targeted field programs
in different regimes for detailed comparisons to models at
fine to larger scales. Making larger-scale models with more
crude formulations traceable to small scale models will help
provide a link for those processes that are “mediated” by
global and local temperature, but do not respond directly to
local temperature changes.

Future studies will also need to account for the diver-
sity of cloud microphysical and aerosol processes in mod-
els. Narrowing the spread of cloud feedback may require
better accounting for the diversity of processes that con-
tribute to cloud feedback, such as different treatments of
the mixed phase regime, models with different complexities
of microphysics in convective cloud and different levels of
complexity of aerosol processes.
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