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Abstract

Purpose of Review We review our understanding of mechanisms underlying the response of (sub)tropical clouds to global
warming, highlight mechanisms that challenge our understanding, and discuss simulation strategies that tackle them.

Recent Findings Turbulence-resolving models and emergent constraints provide probable evidence, supported by theoretical
understanding, that the cooling cloud radiative effect (CRE) of low clouds weakens with warming: a positive low-cloud
feedback. Nevertheless, an uncertainty in the feedback remains. Climate models may not adequately represent changing SST
and circulation patterns, which determine future cloud-controlling factors and how these couple to clouds. Furthermore, we do
not understand what mesoscale organization implies for the CRE, and how moisture-radiation interactions, horizontal advection,
and the profile of wind regulate low cloud, in our current and in our warmer climate.

Summary Clouds in nature are more complex than the idealized cloud types that have informed our understanding of the cloud
feedback. Remaining major uncertainties are the coupling of clouds to large-scale circulations and to the ocean, and mesoscale
aggregation of clouds.

Keywords Low-cloud feedback - Emergent constraints - Turbulence-resolving models - Cloud-circulation coupling -

Atmosphere-ocean coupling - Mesoscale aggregation - Moisture-radiation interactions

Introduction

Boundary layer clouds are influenced by many processes.
This makes understanding their behavior challenging and
predicting their behavior with a global climate model
(GCM) ambitious, especially as many of those processes are
unresolved in GCMs. Not only are boundary layer clouds
relatively small (shallow cumulus) or thin (stratocumulus),
they are driven by turbulent circulations that cover a range
of scales. On the smallest scales, aerosols and turbulence de-
termine the cloud microphysical structure, which influences
how clouds modify radiative fluxes and their capability to
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produce rain. Small turbulent eddies and convective motions
transport heat and moisture throughout the boundary layer,
which trigger condensation and set cloud thickness and liquid
water content. Those turbulent circulations are driven by sur-
face temperature, large-scale wind, thermodynamic gradients,
and radiative transfer, which in turn are influenced by the
general circulation in the atmosphere and ocean.

An advantage for predicting clouds in GCMs is that certain
clouds favor certain climatic regions on Earth. Stratocumulus
favors the cold eastern oceans where large subsidence pre-
vails, and shallow cumulus favors warmer SSTs where subsi-
dence is weaker and winds are stronger. Such phenomenolog-
ical relationships between the presence of clouds, relative hu-
midity, and subsidence have been the basis for some of the
first diagnostic formulations of clouds in global models, e.g.,
Slingo [1]. In current generation global models, these have
made way for more intricate cloud schemes, which are
coupled to turbulence, convection, and microphysics, which
themselves are represented through empirical formulations.
These parameterizations, and how they interact, underlie
much of the uncertainty in the representation of boundary
layer clouds in GCMs.
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These uncertainties have been revealed in predictions of
global mean equilibrium surface temperature response to
CO, doubling, also called equilibrium climate sensitivity
(ECS), which diverges considerably among GCMs. This
spread largely depends on the predicted cloud changes in in-
dividual GCMs [2—4]. GCMs in which the cooling effect of
clouds on climate strengthens with warming can dampen
warming: a negative cloud feedback that leads to a lower
climate sensitivity. Vice versa, GCMs in which the cooling
effect of clouds weakens amplify the warming: a positive
cloud feedback and a higher climate sensitivity. During the
fifth assessment report (ARS) of the IPCC, the spread in
GCM-predicted total cloud feedback ranged from 0.16 to +
0.94 W m 2 °C " [5], and in the IPCC report itself was judged
likely to be positive, with a probability range even larger (—
0.2t0+2.0 Wm > °C71), taking into account additional un-
certainties such as feedback mechanisms missing from GCMs
or CRM feedbacks outside of the GCM range [6]. The cloud
feedback has been decomposed into three gross cloud proper-
ties—the cloud fraction, cloud optical depth, and cloud
altitude—revealing that the spread in the cloud feedback
comes primarily from the spread in the low-cloud amount
feedback, ranging from —0.09 to +0.63 W m > °C™" [5].
This highlights that subgrid processes involving low clouds
have far-reaching effects and may be crucial for understanding
climate change.

The cloud feedback uncertainty has united two separate
communities: the Global Atmospheric System Studies
(GASS) panel (formerly the GEWEX Cloud System
Study), which works on improving the understanding of
cloud processes and their parameterization in climate and
numerical weather prediction (NWP) models through field
campaigns and turbulence or cloud-resolving models, and
the Cloud Feedback Model Intercomparison Project
(CFMIP), which works on improving the understanding
and evaluation of clouds and cloud feedbacks in climate
models. Together, these communities have developed
methods to constrain uncertainties in cloud feedback.
Turbulence-resolving models have been used to simulate
the response of archetypal boundary layer cloud regimes to
a composite large-scale forcing representative for our current
and our future climate, also called forcing-feedback studies
(note that we use forcing to refer to large-scale forcing, not
radiative forcing). Furthermore, present-day observations
have been used to find relationships between clouds and
their large-scale environment, which have predictive skill,
and may constrain modeled cloud feedbacks and ECS.
Together, these approaches suggest a positive low cloud
feedback. Excellent review papers summarize the outcomes
of forcing-feedback studies using turbulence-resolving
models [7¢¢], of emergent constraints of the low-cloud feed-
back from cloud-controlling factors [8] and of the represen-
tation of cloud feedbacks in GCMs [9].

At the time of ARS, positive feedback in most GCMs, but
the deficient representation of low clouds in GCMs, diverse
results from large-eddy simulations (LESs) and cloud-
resolving models (CRMs), a lack of reliable observational
constraints, and the tentative nature of suggested mechanisms
were reasons to report a low confidence in the sign of the low-
cloud feedback contribution [6]. Today, an increasing number
of studies using LES, CRM, or observational constraints have
increased our confidence in a positive feedback. We also have
a better understanding of the processes that cause the spread in
GCM-predicted feedbacks, including that GCMs with posi-
tive feedbacks may produce that sign of the feedback due to
different mechanisms than in LES [10, 11].

But as our understanding is increasing, so is our compre-
hension of the complexity of clouds. In recent years, focus has
shifted from constraining cloud feedbacks to understanding
the interaction between cloud-related processes—microphys-
ics, turbulence, and convection—and their coupling to large-
scale circulations [12]. Field studies and satellite imagery em-
phasize how clouds have much greater variability than the
archetypal clouds in turbulence-resolving modeling studies.
We do not fully understand mesoscale variability in cloud
fields, nor whether this plays a critical role for the cloud feed-
back. Not all factors that may control clouds have been con-
sidered in forcing-feedback studies or observed emergent con-
straints. Moreover, (low) cloud radiative effects have been
shown to promote the aggregation of deep convection and
trigger circulations. As GCMs do not correctly predict chang-
ing SST patterns, which are shown to be important for under-
standing the temporal evolution of feedbacks [13], GCMs
may not adequately predict changes in large-scale forcing that
serve as input for forcing-feedback studies and emergent
constraints.

How boundary layer clouds change from our current to a
warmer climate therefore remains subject to a number of im-
portant uncertainties. In this paper, we summarize the studies
and previous reviews that have helped us understand the low
cloud responses to warming, with an emphasis on small-scale
processes and mechanisms. Thereafter, we will discuss in-
sights from the last 3 years that may lead us to question these
mechanisms, or raise new ones. In doing so, our focus is on
subtropical and tropical low clouds, as these drive the largest
spread in GCM cloud feedbacks [9]. Finally, we discuss chal-
lenges in using simulations of low clouds to constrain the low-
cloud feedback.

Constraining the Tropical Low-Cloud Feedback
The Large-Scale Forcing—Feedback Framework
In this framework, models are used to derive the cloud radia-

tive effect in a current climate (control) and in a warmer cli-
mate (perturbed climate). Different models have been used,
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including LES, CRMs, and mixed-layer models (MLMs),
with most confidence stemming from the first. The large-
scale forcing, a combination of large-scale factors that are
considered important regulators of clouds (so-called cloud-
controlling factors), has been constructed based on CMIP
model output [14, 15, 16, 17], or more loosely inspired by
the latter [18, 19, 20¢]. For the stratocumulus regime, the
mixed layer model confirms many of the findings of LES
[15, 19, 21].

The CGILS LES intercomparison project [14, 17] has been
one of the most influential efforts, using an ensemble of LES
codes. CGILS focuses on the well-studied Pacific cross sec-
tion [22] from the north tropical to subtropical ocean, which
covers three low cloud regimes: well-mixed stratocumulus
over cold SSTs, decoupled stratocumulus over cool SSTs,
and shallow cumulus over warm SSTs. For each of these three
cloud regimes, the response to a perturbed climate forcing is
simulated. A limitation of CGILS is therefore that it does not
evaluate a change in the frequency of occurrence of each re-
gime. Arguably, a better estimate of the cloud feedback is
derived from Langragian simulations of the transition from
stratocumulus to cumulus, which has been explored with a
single LES [23¢]. However, overall cloud feedback estimates
do not differ greatly between the CGILS setup, the Lagrangian
setup, or even more idealized studies, ranging between 0.3 and
23Wm K™

Different phases of CGILS have used different forcing
composites, which has illustrated the sensitivity of the cloud
feedback to different controlling factors and has led to a better
understanding of the most important mechanisms underlying
the feedback. These include thermodynamic, dynamic, stabil-
ity, and radiative mechanisms, first introduced in Bretherton
et al. [15] and illustrated in Bretherton [7¢].

The original CGILS setup includes a 2° warmer SST, a
moist-adiabatic increase of the free tropospheric temperature
profile (without significant change in estimated inversion
strength), a moistening of the free troposphere, to maintain a
constant relative humidity (RH), and a weaker subsidence rate
from the predicted slow-down of the Hadley/Walker circula-
tion, as found in the Northeast Pacific [14]. In the second
phase of CGILS, instead of forcing changes that might be
representative for specific regions, the forcing change repre-
sents an average over subtropical oceans derived from the
CMIP3 multimodel mean [15, 16¢]. These changes include a
doubling of CO,, a reduction in the subsidence rate, but half
that of the original CGILS setup, and a reduced free tropo-
spheric relative humidity, an increase in estimated inversion
strength (EIS), and a reduction in wind speed.

For the stratocumulus regime, using the original forcing, all
LES codes predict a thickening of stratocumulus by raising
cloud top, leading to a negative cloud feedback. Applying the
same forcing but without a reduction in subsidence, all LES
codes predict a thinning of stratocumulus and a positive cloud
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feedback. Without the dynamical effect of reduced subsi-
dence, the thinning is caused predominantly by a
thermodynamic and radiative effect. The thermodynamic ef-
fect includes an increase in cloud base height as the cloud
layer dries, which happens in response to a burst of cloud-
top entrainment that results from the increase in SST, in-
creased surface evaporation, and increased liquid flux into
the cloud layer. Due to the strong inversion and the sensitivity
of stratocumulus tops to small changes in humidity, the stra-
tocumulus layer adjusts very quickly (within an hour) into a
slightly drier and less cloudy structure, but without long-
lasting increases in entrainment or cloud top height. This has
also been called the entrainment-liquid flux adjustment [23¢])
and is also found in idealized forcing studies [24], using a
mixed-layer model [19], and also applies to the shallow cu-
mulus regime [18, 23¢]. The radiative effect is responsible for
a lowering of cloud tops, a thinning of cloud, and a positive
feedback. This is caused by less cloud-top entrainment, which
results from reduced cooling from increased long-wave
downwelling radiation under a moister free troposphere.
Without this radiative effect, and even without the subsidence
reduction, the feedback in LES is negative.

Using the forcing of the second CGILS phase, stratocumu-
lus thins in all LES codes, leading to a positive cloud feedback
[16°]. Not only is the dynamical-induced thickening of the
cloud less strong due to more realistic reductions in subsi-
dence, the radiative effect is enhanced with a doubling of
CO,. Perturbations in EIS (stability effect) and in wind speed
play a smaller role. In an additional perturbation, only CO,
concentrations are quadrupled, which idealizes the fast adjust-
ment of the boundary layer to CO, radiative driving, before
SSTs can respond. This leads to similar 0—15% reductions in
shortwave cloud-radiative effects, suggesting that fast adjust-
ments are not unimportant for cloud changes.

In all LES codes, the cloud feedback in the shallow cumu-
lus regime is smaller than that of the stratocumulus regime,
exemplifying the robustness of shallow cumuli to perturba-
tions in their environment. Dynamic mechanisms play a minor
role, as cumulus updrafts are much stronger than mean subsi-
dence rates. Because cumulus cloud fractions are small, radi-
ative cooling is mostly regulated by clear-sky radiative
cooling. At warmer SSTs, larger downwelling longwave
fluxes from a moister free troposphere imply less radiative
cooling in the boundary layer, but this reduction in cooling
is counteracted by larger cloud layer humidity [16e, 25].
Radiative mechanisms are therefore also small. Furthermore,
changes in the depth of shallow cumuli are limited, because
this regime produces precipitation readily, which helps buffer
cloud deepening [16¢, 20+]. The only notable change in this
regime is a slight reduction in cloud cover. This happens due
to a similar thermodynamic effect as in the stratocumulus
regimes ( [18]; Bretherton and Blossey 2013). After the in-
stantaneous warming, increased surface evaporation and
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liquid fluxes create a burst of entrainment, causing a warming
and a lowering of relative humidity throughout the boundary
layer. The decrease in cloud cover is small, especially because
cloud fraction near cloud base—the dominant contributor to
cloud cover—is effectively constrained by dynamics involv-
ing the height of the transition layer with respect to the lifting
condensation level [26, 27].

A more realistic coupling of clouds to the surface energy
budget is also crucial, as exemplified by a few studies that
have coupled a simple MLM framework [21] or LES [28,
29] to a slab ocean model with interactive SST, prescribing
the ocean heat uptake instead. In their extension of the CGILS
simulations, Tan et al. [29] show that the positive cloud feed-
back for the stratocumulus regime is much larger than in the
original CGILS cases, because the breakup of the stratocumu-
lus cloud deck triggers an abrupt and large SST increase and
MBL deepening, which do not occur in fixed-SST
experiments.

Emergent Constraints from Observed Cloud-Controlling
Factors

A growing number of studies are providing observational sup-
port for the mechanisms underlying cloud changes in LES.
Evidence for the thermodynamic mechanisms has been given
by Qu et al. [30], who show that for fixed estimated inversion
strength (EIS), positive SST anomalies are associated with
negative cloud amount anomalies. Reduced subsidence has
been found to favor thicker cloud [31], providing evidence
for the dynamic mechanism. Much evidence exists for the
stability (EIS) mechanism: a larger EIS correlates with larger
cloud amount and thus favors a stronger SWCRE [32, 33,
34+]. Myers and Norris [34¢] also show that increased free
tropospheric humidity promotes cloud cover via reduced en-
trainment drying. But more humidity in the entire column
above the stratocumulus deck also leads to less cloud-top ra-
diative cooling, which can promote cloud thinning [19e°].
Eastman and Wood [35] show that this radiative effect of
additional free tropospheric humidity is three to four times
more important than the entrainment effect, at least for the rate
of increase of boundary layer height. Less cloud-top cooling
and stratocumulus thinning have also been observed for stra-
tocumulus layers with cirrus overhead [36]. But the relative
importance of radiative and entrainment effects for current
climate variability in low clouds is still unclear. Lastly, wind
speed and cold air advection have been shown to promote
cloud amount ( [37-39]) and are the best predictors of shallow
cumulus cloud amount [40, 41°].

Such observed relationships between low cloud amount,
shortwave cloud radiative effects, and cloud-controlling fac-
tors in our current climate may be used to predict how low
clouds change in a warmer climate, based on GCM-predicted
changes in those cloud-controlling factors. In this approach,

clouds respond to the local values of the cloud-controlling
factors, while cloud-controlling factors may depend on non-
local factors such as the large-scale circulation, which can be
expressed as a function of the global mean surface air temper-
ature. A number of assumptions underlie this approach: the
observed relationships are assumed to be constant across time-
scales longer than a few days (when the boundary layer has
fully adjusted to any changes in cloud-controlling factors) and
reflect the influence of cloud-controlling factors on clouds,
and not vice versa [8].

Although some cloud-controlling factors may be important
for cloud variability in our current climate, they might not be
that important for climate change when their change with
warming is small. For instance, GCM-predicted changes in
subsidence or winds are much smaller than predicted changes
in SST and EIS. This makes the thermodynamic and stability
mechanisms that lead to positive feedbacks more important
for climate. Klein et al. [8] combined five extensive observa-
tional studies using a range of datasets [42—46] to derive a
local estimate of the cloud feedback, which is — 1.0 to +
1.9 Wm 2 K. As many of the individual estimates are con-
centrated in a narrower range, a consensus estimate was also
derived and equal to 0.3-1.7 W m > K. Although Klein et al.
[8] notes that the approach may be improved by including
more observations from the trade-wind cumulus regions, this
provides further support that the low-cloud feedback is not
negative.

Uncertainties in the Low-Cloud Feedback

Combined, the forcing-feedback framework using LES and
the emergent constraints from observations highlight the ro-
bustness of a positive cloud feedback, produced by a thinning
of stratocumulus as climate warms, and a faster transition from
stratocumulus to cumulus. At the same time, the scatter among
LES codes is significant, due to different subgrid turbulence
and advection schemes. Especially for the decoupled stratocu-
mulus (transition) regime, LES codes can predict feedbacks of
opposite sign in response to specific controlling factors. Even
when absolute differences are small, this challenges our un-
derstanding of the mechanisms underlying the feedback. The
assumption that GCMs correctly predict the change in cloud-
controlling factors with warming, which also underlies the
emergent constraints approach, is therefore a critical assump-
tion. Recent studies highlight the uncertainties in GCM-
predicted tropical Pacific SST patterns and related tropospher-
ic stability changes [13, 47¢e, 48¢¢]. The possibility that SST
patterns change with warming seems significant, and this ap-
pears to increase the relative importance of stability (EIS) and
dynamical (subsidence) mechanisms in low cloud regions,
which would favor a smaller positive or negative feedback.
Climate-dependent changes in ocean heat uptake are also
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uncertain and important for the cloud feedback, as the studies
using LES coupled to an ocean slab model suggest [29].

A further limitation to the feedback derived from LES
may be the lack of mesoscale and large-scale variability in
such simulations. The interaction of clouds with larger-
scale dynamics, such as the strength of Hadley and
Walker cells, tropical transient wave activity, or midlati-
tude synoptic wave activity, is absent in setups such as
CGILS. Figure 1 illustrates the variability in cloud struc-
tures observed across about 4300 km over the subtropical
North Atlantic (topmost satellite image), zoomed in to an
area of 550 km (middle left image). Also shown are the
typical cloud fields produced with LES of shallow cumulus
using domain sizes spanning 12.8 or 50 km in one dimen-
sion, which is larger than used in the CGILS exercise
(2.4 km for the stratocumulus regime and 9.6 km for the
shallow cumulus regime). Evidently, the size of aggregated
cloud clusters in the satellite image, such as in the central
North Atlantic, is on the order of 100 km or even larger,
comparable or larger than LES. At 50 x 50 km?, the LES
starts to produce the smaller cold pool structures (O
10 km), such as indicated in the outset of the satellite im-
age. Larger cold pool structures on the order of 100 km are
also seen. How the cloud feedback depends on domain size
spanning from 10 km (as used in CGILS) to a few hun-
dreds of kilometers has not yet been evaluated.

With respect to realistic variability, the observed
emergent constraints approach has added value, because
the coupling of clouds to a varying large-scale state and
the presence of mesoscale cloud organization are implicit
in observed relationships. But in that approach, it is also
assumed that such relationships do not change as climate
warms and that cloud-controlling factors meaningfully pre-
dict cloud organization. However, the relative role of the
observed controlling factors in regulating mesoscale cloud
organization is unclear. Recent work suggests that factors
such as SST, surface wind speed, and wind shear indeed
correlate with specific cloud patterns in the trade-wind cu-
mulus regions (personal communication, Bony). In partic-
ular, the role of wind shear is poorly understood. At the
same time, the importance of cloud, water vapor, and radi-
ation interactions in the self-aggregation of convection, the
subject of many recent studies, implies less dependence on
large-scale controlling factors.

In the remainder of the paper, we discuss recent work in
what we believe are three important areas that lack under-
standing: the coupling of clouds and convection to the
ocean, the coupling of clouds to circulations, including
moisture-radiation interactions and the interaction with hor-
izontal wind, and mesoscale organization or aggregation. In
doing so, we will also review recent developments in turbu-
lence and cloud-resolving simulations that may help reduce
uncertainties.

@ Springer

Atmosphere-Ocean Coupling

The uncertainties in changing SST patterns with global
warming [13, 47¢e, 48+¢] are raising awareness about the role
of atmosphere-ocean coupling mechanisms in the (low) cloud
feedback problem. Spatial patterns in SST, as set by ocean
dynamics, have been shown to play an important role in set-
ting patterns of winds, clouds, and rain, and an open question
is to what extent they also regulate mesoscale SST patterns
and the organization of clouds, through mesoscale ocean
eddies [49, 50]. Vice versa, clouds and convection are crucial
for the surface energy budget.

Bellomo et al. [51, 52] demonstrated the impact of
clouds on the net radiative heating at the surface and on
SST variability in an atmospheric GCM coupled to a slab
ocean. Furthermore, the LES studies using an ocean mixed
layer showed that the cloud feedback in stratocumulus re-
gions is significantly different when clouds influence the
surface energy budget [28, 29]. In those studies, a major
uncertainty remains how ocean heat uptake changes with
global warming.

A coupling of the atmosphere to the ocean is not only
established through cloud-radiative effects, but also through
convective mixing. By mixing drier free tropospheric air into
the boundary layer, shallow convection promotes surface
evaporation, which makes the depth of clouds and the bound-
ary layer important factors to consider in the surface energy
budget [53]. Surface fluxes and SSTs are also regulated by
near-surface winds [53, 54], which hints at momentum trans-
port being potentially important. In the inner tropics, where
the Coriolis force becomes small, convective momentum
transport (CMT) plays an important role at setting patterns
of surface winds and explaining modeled biases in surface
winds [55, 56]. An open question is whether shallow convec-
tive momentum transport also has a meaningful influence on
large-scale circulations.

Cloud-Circulation Coupling

Interaction with Deep Convection and Large-Scale
Circulations

A number of studies have emphasized the importance of
circulations between regions of deep convection and low
clouds for the behavior of deep convection and its depen-
dence on SST, and thus for global circulations and climate
more generally. Using cloud-resolving models, several
studies show that the large radiative cooling of a moist
boundary layer underneath a dry free troposphere, further
enhanced by low-level clouds, triggers mesoscale circula-
tions that transport moist static energy into areas of deep
convection, leading to aggregation of deep convection
[57-59]. As deep convection aggregates, the free
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coupled DALES domains (12.8 x 12.8 km?) in the IFS 12.8 km

Fig. 1 Shallow convection over the Northern Atlantic ocean as viewed by grid spacing (bottom, left); conventional idealized LES simulations using
MODIS Aqua at 13:30 local time on December 12, 2013 (top); zoom in domains of 50 km and 12.8 km in both dimensions (middle and bottom
on a subarea (middle, left), which is simulated by a superparameterized right, respectively), here for the case simulated in Vogel et al. [20]
version of the ECMWE-IFS (T152), using several coupled Dutch atmo-

spheric LES domains, each 12.8 x 12.8 x 5 km?, with a 200-m horizontal

@ Springer



86

Curr Clim Change Rep (2019) 5:80-94

troposphere in the surrounding area becomes drier, which
leads to a greater emission of longwave radiation to space,
and may thus have important implications for climate sen-
sitivity [60].

Conceptual models of the tropical atmosphere have also
demonstrated an important influence of radiative cooling
of low cloud regimes on large-scale overturning Hadley/
Walker circulations, by narrowing the area of deep convec-
tion [61, 62] or controlling subsidence rates [63, 64].
Importantly, the radiative cooling from the humidity gradi-
ent across the inversion, on which shallow convection has
an important influence, drives a shallow overturning circu-
lation that is comparable with that introduced by SST gra-
dients [65¢], and might play a role in the presence of shal-
low overturning circulations in the tropical atmosphere
[66]. This challenges a long-established class of theory,
on which the work by Lindzen and Nigam [67] has had a
large influence, in which low-level winds are solely driven
by SST gradients, and which neglects pressure gradients at
the top of the boundary layer that result from diabatic or
radiative heating in the free troposphere [55, 68].

When shallow cumuli have tops beyond 2 km, the net
latent heating due to precipitation becomes an important
term in the heat budget of the lower atmosphere [20e,
63], and satellite observations suggest that diabatic heating
cannot be ignored when thinking of what sets the strength
of large-scale circulations. CloudSat data show that con-
vective warm rain contributes 50% of column latent
heating, even though its occurrence frequency is only
11% [69]. Satellite observations also show that when shal-
low overturning circulations in the tropical Eastern Pacific
are strong, this region of the Pacific is characterized by
large clusters of warm rain. Weaker shallow circulations
are accompanied with a larger fraction of smaller isolated
raining cells [70].

Overall, these studies suggest that changes in low
clouds, and accompanying changes in the diabatic heating
profiles of regions with low clouds, will change the prop-
erties of regions with deep convection and the circulation
that connects them. An open question is whether GCMs
represent such a coupling adequately and what this implies
for their predicted low-cloud feedback and the change in
cloud-controlling factors that is used as input for the
forcing-feedback and emergent constraint frameworks.

Moisture-Radiation Interactions

Humidity is closely coupled to the clouds themselves, and
therefore, only free tropospheric humidity is considered an
external cloud-controlling factor. The influence of free tropo-
spheric humidity on macroscopic properties of low clouds has
long been recognized, via its influence on buoyancy gradients
at the inversion and mixing and entrainment at cloud tops.
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Studies of the low-cloud feedback have also highlighted the
importance of free tropospheric humidity via radiative effects
[16e, 25, 71], which has motivated recent idealized studies on
the role of moisture-radiation interactions in setting the behav-
ior and organization of shallow cumulus fields already in our
current climate.

Shallow cumulus tops and precipitation appear especially
sensitive to small changes in free tropospheric humidity,
whereby a drier free troposphere promotes deeper cumuli
and more precipitation than a moist free troposphere. The
entrainment of drier air into the boundary layer not
only enhances surface fluxes, a moist boundary layer under-
neath a drier free troposphere also experiences larger radiative
cooling. In layers with small cloud fractions, in which clear-
sky radiative cooling dominates, this leads to a destabilization
of the cloud layer, greater updraft buoyancy, and deeper cu-
mulus clouds [20¢, 72, 73]. Once shallow cumulus clouds
develop tops beyond 2 km and organize into larger clusters,
the humidity profile within the boundary layer changes mark-
edly, with much drier cloud layers, less cloud amount, and
weaker moisture gradients across the inversion [20¢]. In some
way, these responses resemble the drying of the environment
that accompanies the aggregation of deep convection.

Variations in free tropospheric humidity may thus play a
role in regulating the depth of shallow cumulus clouds and the
precipitation that they produce, as well as the aggregation into
larger clusters that approach cumulus congestus (see also the
next section on mesoscale organization). Such variability in
humidity may be set on larger scales, such as dry air intrusions
from mid-latitudes or moist and dry layers set by nearby deep
convection [63, 74], but the importance of the moisture profile
above the boundary layer for radiative effects within the
boundary layer remains unclear and requires further study.
Recent work assesses the ability of space-borne observing
systems at mapping water vapor profiles and discusses new
technologies that may provide better observations of lower
tropospheric water vapor that can help unravel moisture-
radiation interactions [75-77].

Interactions with Horizontal Wind and Wind Shear

Within the trade-wind cumulus regime, observed correlations
with cloud-controlling factors are generally poor, but a rela-
tionship between low cloud cover and the near-surface wind is
apparent [40, 41¢]. This relationship likely reflects the corre-
lation between wind speed and wind direction [40] and the
importance of air mass history, as well as the deepening re-
sponse of shallow cumulus to increased surface evaporation
under stronger winds [78]. However, it may also reflect the
influence of wind speed changing with height throughout the
lower troposphere (from the surface up to ~4 km): low-level
wind shear. The profile of wind speed is a poorly observed
quantity over ocean and not included as a cloud-controlling
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factor in cloud-feedback studies. Low-level wind shear obvi-
ously increases cloud cover, an effect that can be, but is not
typically, included in cloud overlap assumptions in climate
models [79]. Wind shear also influences cold pool dynamics
and convective development by regulating where precipita-
tion falls and evaporates [80]. Furthermore, ongoing work
using idealized LES shows that wind shear limits the depth
of shallow cumuli and thus the trade-wind inversion, and wind
shear is effective at regulating the otherwise robust cloud base
cloud amount (Helfer et al. personal comm.).

Effects of wind shear on entrainment and mixing are better
understood for stratocumulus, through the use of LES [81]
and more recently direct numerical simulations (DNSs)
[82+]. Mixing at stratocumulus tops can be enhanced by shear
instabilities that are intrinsic to stably stratified shear layers,
and which quickly thicken the cloud top region. Shear can also
interact with convective instabilities driven by radiative and
evaporative cooling. Recent DNS provide observable con-
straints on the importance of such effects [83], which should
be evaluated against other cloud-controlling factors.

Mesoscale Organization

Satellite imagery such as in Fig. 1 illustrates the complexity of
the cloud structures that can be found over subtropical oceans,
here the Atlantic Ocean. Traditionally, this region is consid-
ered to be home of unorganized shallow cumulus convection
and is often parameterized in this way in GCMs. But in reality,
it is populated with a wide range of cloud structures, ranging
from small isolated shallow cumuli of O(1-10 km), to shallow
cumuli organized in larger cold pool structures of O(10—
100 km) and even into larger organized cumuli of O(50-
500 km) that are accompanied by extended stratiform cloud
layers near their tops. The cloud structures take a variety of
shapes and structures, becoming horizontally heterogeneous,
thickening in some places or thinning in others, and becoming
cloudier downstream. The different structures that cloud fields
adopt, which no longer are statistically homogeneous in the
horizontal, are often broadly denoted as mesoscale organiza-
tion, which may include closed or open cells in stratocumulus,
cold pool structures in shallow cumulus fields, and more ir-
regularly distributed aggregated deeper cumulus clusters.

Although mesoscale organization in low clouds has been
appreciated since the 1950s [84], interest in this subject has
picked up in light of recent studies on the aggregation of deep
convection and its dependence on SST [58, 85, 86]. An im-
portant question with respect to the low-cloud feedback is
whether boundary layer cloud fields that are organized differ-
ently exert different radiative effects and whether mesoscale
organization will change as climate warms.

An objective classification of mesoscale organization from
satellite imagery would aid a more systematic investigation of
such questions, but measures of organization are challenging

to define and more readily explored for deep convection [87,
88]. A recent effort hosted by the International Space Science
Institute has focused on the (subjective) identification of dif-
ferent structures of trade-wind cumulus fields in 10 years of
satellite imagery and led to the classification of four recurring
patterns: sugar (fields of small popcorn cumuli), gravel (ran-
dom fields of larger cumuli with cold pools), fish (clustered
cold pool regions) and flowers (regularly distributed larger
cumuli with tops near 2—4 km, accompanied by extended
stratiform layers near cumulus tops and cloud-free areas in
between). Some examples of these are indicated in the satellite
image in Fig. 1.

Such extended stratiform layers of cloud that accompany
flowers or fish are observed as far downstream of the transition
as Barbados, and may be important for the cloud feedback,
because they make up a third of total cloud cover and contrib-
ute most to monthly and seasonal variability in cloud cover, at
least near Barbados [27]. Recent field campaigns in the Pacific
also report the frequent occurrence of thin inversion layer
cloud in the transition from stratocumulus and cumulus, where
they commonly occur along with aggregated cumulus patches
of 10 km wide, and likely constitute the majority of the cloud
cover within these patches [89¢]. In that region, the ultraclean
layers (UCLs) or veil layers are found to have very low cloud
droplet concentrations, for which precipitation scavenging ap-
pears key [90]. Even when the layers are thin, they can still
introduce important longwave radiative effects through their
temperature difference with the underlying surface. Their sig-
nificance for the radiation budget remains to be evaluated using
observations, but it is clear that such stratiform layers will be a
major challenge for GCMs with their limited vertical resolution
[91]. Even in LES, different numerical schemes and a lack of
vertical resolution result in a large spread in stratiform cloud
amount at the inversion [92, 93].

As mentioned earlier, important questions are how the me-
soscale patterns are caused by processes that take place on
cloud or mesoscales or whether they are influenced by chang-
es in the large-scale state. A number of studies have shown
that for LES domains of at least 50 x 50 km?, gravel or cold
pool structures will arise [94-96] and larger clusters can de-
velop with stratiform cloud near their tops [20+], although
those clusters are notably smaller than in nature, and much
shorter-lived. Shallow convection appears to spontaneously
aggregate into such clusters, even when precipitation or me-
soscale radiative and surface flux feedbacks are suppressed
and cold pools are absent [97¢]. At the same time, first analy-
ses that correlate the subjective cloud classification with re-
analysis data suggest that large-scale cloud-controlling fac-
tors, including SST, surface winds, zonal wind shear, EIS,
and free tropospheric humidity, favor specific mesoscale pat-
terns. If true, this implies that the type of mesoscale organiza-
tion we find in a warmer climate may be different, which is
relevant for the cloud feedback.
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In the following section, we will elaborate more on the
advances and challenges in simulating boundary layer clouds,
and thus whether these can help to further constrain the cloud
feedback.

Constraining the Low Cloud Feedback
with Simulations

As earlier mentioned, the conventional LES studies that
have informed our understanding of the low-cloud feed-
back have two important limitations, namely, that they
miss the variability in large-scale dynamics present in real
atmospheres and are generally performed on domain sizes
that are comparable with the scales of organization seen in
nature. Furthermore, different numerical schemes, micro-
physics, and a lack of vertical resolution still result in a
large spread in simulated cloud amount among LES codes
[92, 93, 98]. LES therefore offers little constraint on the
relationships between mesoscale organization, cloud cover,
and radiative effects, which differ even in one LES when
using different microphysical schemes [95].

A number of different approaches have been undertaken
or are underway that may solve some of these issues. One
approach is the use of large-domain LES or near-global
cloud-resolving models (CRMs) to estimate the cloud
feedback. For instance, the SAM CRM has been run in a
near-global aquaplanet mode with a horizontal resolution
of 4 km [99]. Despite this limited grid resolution, which
does not resolve shallow cumulus clouds, these runs pro-
vide an interesting link to the generally smaller feedback
found in global models. Under a 4 K SST increase, this
CRM namely predicts an increase in subtropical cloud
amount and thus a negative cloud feedback, which corre-
lates with modest increases in EIS and stronger boundary
layer radiative cooling, which is hypothesized to trigger
more convective moistening and enhanced cloudiness
[25]. The negative feedback is reproduced in limited-area
SAM using advective forcing derived from the driest col-
umn relative humidity quartile of the +4 K aquaplanet runs
(personal communication, Narenpitak).

An alternative approach to using large-domain LES is to
embed a CRM as a local model in the grid columns of
GCMs or NWP models, thus replacing conventional and
uncertain convection and cloud parameterizations [100],
yet maintaining the coupling to the circulation. This
superparameterization (SP) approach, first proposed by
Grabowski and Smolarkiewicz [101], is typically done
using two-dimensional CRMs with a horizontal resolution
of 1-4 km and has been explored in early work on cloud
feedbacks using the SP version of the Community
Atmosphere model (SP-CAM) [25, 71]. However, analyses
of GCMs that use a superparameterization suggest that the
variability of moisture in the local model is underestimated
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[102]. This bias is likely attributable to the coupling be-
tween the resolved variability in the global model and the
variability in the local model, because only tendencies of
the mean fields are communicated between the local and
the global model. Furthermore, at least most often imple-
mented in SP-CAM, surface fluxes do not vary across the
CRM domain, and radiation is computed at the GCM time
step, so that surface flux feedbacks and radiation-
convection feedbacks that might be important for convec-
tive aggregation are absent or not as strong.

To superparameterize boundary layer turbulence and low
clouds, higher resolution LES models are needed as a local
model (Grabowski 2017). Two approaches for this
ultraparameterization approach are being pursued to cope with
the computational limitations. One approach [103, 104] com-
promises the horizontal domain size of the local model to be
limited to O(1 km). Another approach is to apply the
ultraparameterization approach only regionally in the global
model, but using the resolution of the global model as the
domain size of the local model [105]. Although this latter
approach can be considered as a benchmark of parameteriza-
tions for cloud-related processes, it still does introduce a scale
break at the grid resolution scale of the global model, which
prevents the formation of cloud structures with a horizontal
extent beyond the domain size of the local model. For in-
stance, recent simulations embedding the Dutch
Atmospheric LES (DALES) model in the IFS model, each
with a domain size of 12.8 x 12.8 km?, reveal that the different
SP grids all have very similar cloud fields, lacking organiza-
tion at scales larger than the global model grid, even when the
DALES domains are coupled. Figure 1 shows the coupled
DALES results for the specific day and time at which the
satellite image was taken (bottom row) for the blue outset of
the already zoomed in red outset of the original image. In yet
another approach, observations or LES are used for (machine)
learning approaches [106, 107]. This is not without challenges
either, for instance, datasets need to capture a wide-enough
varying atmosphere to prevent algorithms from making inac-
curate predictions when confronted with situations for which
they were not trained.

How the small-scale resolved flow couples with the large-
scale flow is an area of active research, and relatively few
studies have explored the issues that might emerge, even be-
fore high-resolution simulations can be used to study the cloud
feedback. The ability of LES to predict realistic cloud struc-
tures once forced with realistic and varying large-scale
states also requires validation from observations. This is
most effective using LES driven by weather hindcasts cen-
tered at locations where in situ measurements are readily
available. A number of recent studies and programs have
demonstrated this capability. Observations collected along
the Pacific stratocumulus-to-cumulus transition during
ship cruises (MAGIC campaign) demonstrate skill of
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Lagrangian LES runs in simulating the timing of the tran-
sition and associated cloud and boundary layer properties
[108]. A proof-of-concept study demonstrated that explicit
simulation of turbulence is stable enough to simulate an
entire year of conditions that vary from stable boundary
layer to deep convective events [109]. Such LES runs—
centered at the Cabauw observational supersite in the
Netherlands—will become operational in 20(20) as part
of the Dutch Ruisdael Observatory. Since 2015, the DOE
ARM program is taking a similar approach with its LES
ARM Symbiotic Simulation and Observation (LASSO)
program at the US continental supersite Southern Great
Plains. The HD (CP)2 (High-Definition Clouds and
Precipitation for advancing Climate Prediction)
Observational Prototype Experiment (HOPE) conducted
in Germany was used to validate multi-week simulations
with the ICON-LES model on a day-to-day basis [110].
They demonstrated that while LES models capture bound-
ary layer characteristics reasonably well, they struggle with
reproducing correct cloud statistics, which depends on how
the forcing data is constructed and how much (mesoscale)
variance it contains [110]. This again emphasizes that not
just small scales, but also large scales introduce important
variance that sets cloud characteristics.

Even as (near-)global high-resolution simulations at the
kilometer scale become more feasible, and new simulation
approaches are advancing, in situ measurements and global
satellite data remain invaluable. Global convection-
resolving simulations also illustrate that uncertainties will
shift from convection to microphysics [104, 111]. This
once more emphasizes that one of our challenges is to
investigate the relative influence of small-scale versus
large-scale processes at setting cloud behavior. Ground-
based remote sensing and in situ aircraft measurements of
turbulence and cloud/rain microphysics remain necessary
to help constrain these effects. These will be especially
useful when combined with measurements and simulations
that constrain the influence of the large-scale forcing, such
as planned for EUREC4A [112]. Additionally, models that
no longer rely on the parameterization of turbulence at all,
e.g., DNS, should be used as a reference alongside LES to
test how sensitive entrainment velocities are to changes in
forcing or to study the importance of getting the correct
droplet size distributions near stratocumulus tops [113].

Conclusions

We reviewed two approaches used to estimate the low-cloud
feedback and highlighted recent studies that shed light on
mechanisms controlling cloud behavior that are potentially
important for the feedback. Supported by theoretical under-
standing, the large-scale forcing-feedback framework using

turbulence-resolving simulations and the emergent constraints
from observations suggest that the feedback involving classi-
cal boundary layer cloud regimes is positive. However, the
spread of cloud feedback estimates among turbulence-
resolving models and observational studies highlights caveats,
which underlie uncertainties in our understanding of cloud-
controlling mechanisms in our current and in a warmer
climate.

* Clouds respond to many controlling factors in opposing
ways that could imply positive or negative feedbacks. This
makes knowing the precise nature of changes in control-
ling factors crucial.

» The precise nature of changes in controlling factors de-
rived from climate models is subject to uncertainty.
Major uncertainties are the change in SST patterns during
global warming, and how clouds affect and respond to the
surface energy budget and large-scale circulations.

* Unclear is whether all important cloud-controlling factors
are considered. A few factors typically not considered, but
which appear to play important roles at least in controlling
cloud variability in our current climate, are the vertical
structure of water vapor and its interaction with radiation,
large-scale horizontal moisture and temperature advec-
tion, and the vertical structure of wind.

* Provided we know the precise nature of the forcing per-
turbation, self-aggregation mechanisms in cloud fields
may be very important in controlling clouds and their
radiative effects. The relative importance of self-
aggregation mechanisms versus large-scale factors in con-
trolling clouds, and how this might change with warming,
is not well understood.

» Turbulence-resolving models diverge in their responses to
cloud-controlling factors due to differences in subgrid tur-
bulence and microphysics parameterizations, their numer-
ical schemes, and whether they are coupled to an interac-
tive ocean model and interact with the large-scale circula-
tion. Models generally underestimate cloudiness in broken
cumulus fields and stratiform layers near cumulus tops,
and they lack the mesoscale and large-scale variance in
observed cloud fields. Neither LES nor satellite studies
have sufficiently evaluated cloud regimes with organized
and larger shallow cumuli with tops near 2—4 km.

We thus require better understanding of mechanisms that
involve the variability of boundary layer cloud fields in nature,
their self-organizing mechanisms, and the interaction of
clouds with circulations and the oceans, including via winds.
Unraveling these mechanisms has been a recent focus of the
cloud-climate community, which has launched a number of
measurement and simulation efforts where clouds are studied
in realistic settings. In the next years, we expect significant
progress in understanding cloud behavior from turbulence-
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resolving models that are run at large domains, even ap-
proaching global scales. When these accompany intensive
measurement periods or field campaigns, they can be directly
evaluated using observations. Similar model setups can be
subjected to future climate forcing scenarios following the
forcing-feedback studies described herein. Additionally, we
expect progress in using LES-based superparameterized glob-
al models to understand cloud changes, as they provide real-
istic large-scale dynamics along with turbulence-resolving
embedded simulations in a two-way coupled framework. A
new challenge will be to analyze the enormous amounts of
data in useful ways, and we encourage that this goes hand-in-
hand with conceptual studies to isolate and understand indi-
vidual mechanisms.
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