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Abstract

Changes in anvil cloud area with warming are a leading source of uncertainty in estimating the Earth’s climate sensitivity
(Forster et al 2021). Most approaches to bounding this area feedback rely on climate models or expert assessment. Here, we
use observations and theory, a “storyline approach”, to bound it. We first derive a simple but quantitative expression for the
anvil area feedback, which is shown to depend on the present day, measurable cloud radiative effects and the fractional change
in anvil area with warming. Satellite observations suggest an anvil cloud radiative effect of about & 1 Wm™2, which requires
the fractional change in anvil area to be about F 50 % K1 to produce a feedback equal to its present-day lower bound. We
use theory and observations to show that the change in anvil area is closer to about —4 % K-!. This rules out the previous
estimate of the area feedback and leads to our new estimate of 0.02 £ 0.07 Wm™2K-! which is many times weaker and more
constrained. In comparison, we show the anvil cloudy albedo feedback to be much less constrained. This poses an obstacle for

bounding the Earth’s climate sensitivity.
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Physical and observational constraints on the anvil

cloud area feedback

Brett A. McKim®P, Sandrine Bony?, & Jean-Louis Dufresne?

Abstract Changes in anvil cloud area with warming are a leading source of uncertainty in estimating the Earth's climate sensitiv-
ity (1). Most approaches to bounding this area feedback rely on climate models or expert assessment. Here, we use observations
and theory, a “storyline approach”, to bound it. We first derive a simple but quantitative expression for the anvil area feedback,
which is shown to depend on the present day, measurable cloud radiative effects and the fractional change in anvil area with
warming. Satellite observations suggest an anvil cloud radiative effect of about £1 Wm~2, which requires the fractional change
in anvil area to be about FF50% K~! to produce a feedback equal to its present-day lower bound. We use theory and observations
to show that the change in anvil area is closer to about —4% K~!. This rules out the previous estimate of the area feedback and
leads to our new estimate of 0.0240.07 Wm~2K~!, which is many times weaker and more constrained. In comparison, we show
the anvil cloudy albedo feedback to be much less constrained. This poses an obstacle for bounding the Earth’s climate sensitivity.

EARTH’S climate sensitivity is closely linked to the
strength of cloud feedbacks. Although this has long
been recognized (2-4), understanding and quantifying cloud
feedbacks has proved difficult and sometimes controversial
(5-12). Anvil clouds pose a particular challenge because
their near neutral radiative balance results from large yet
opposing radiative effects (13). Is this balance guaranteed?
Or will warming tip the scales?

Uncertainty around anvil cloud feedbacks

Ramanathan and Collins (5) were the first to study the anvil
cloud area feedback. Observing the coincident drop off in
frequency of deep convection and surface temperature above
a critical temperature, they hypothesized that anvils regu-
late the underlying surface temperatures. However, their
observation is no longer considered evidence of a tropical
thermostat (6, 14-16).

Years later, Lindzen et al (7) hypothesized that if cirrus
cover were to decrease with warming, perhaps due to micro-
physical effects, it would act like an iris, significantly inhibit-
ing further warming. Criticism of this work’s methodology
soon followed (8, 17, 18), but did not rule out the existence
of a strong area feedback.

Anvil clouds are controlled in part by unconstrained mi-
crophysics (19-21), but also by robust thermodynamic prin-
ciples (22, 23). These principles predict that anvils decrease
in area with warming because the static stability of the at-
mosphere increases (24), which is consistent with observed
variability (25-27) and with most simulations (28). Despite
growing confidence in this aspect of climate change, compre-
hensive assessments consider the anvil cloud area feedback
to be a leading source of uncertainty in estimating climate
sensitivity (1, 29).
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This mismatch in confidence and uncertainty might ap-
pear inconsistent, but what is called the anvil cloud area
feedback is in fact the result of two types of changes in anvil
clouds: an area change and an optical depth change. These
changes are usually convolved in feedback decompositions
(1, 29, 30), so the question of which feedback truly embod-
ies the uncertainty remains unanswered. This calls for the
need to separate them and settle which process poses the
main obstacle to constraining Earth’s climate sensitivity.

Qualitative arguments suggest that the area feedback
should be small because anvils are radiatively neutral
(6, 31, 32). But how neutral must anvil clouds be for their
area feedback to be insignificant? What if their cloud radia-
tive effect changes with warming? And what if when anvils
shrink, more of the Earth is exposed to the radiative effects
and feedbacks of underlying low clouds?

Optical depth controls an anvil’s cloudy albedo (reflec-
tivity independent of cloud fraction). Qualitative argu-
ments suggest that changes in optical depth might produce a
stronger cloudy albedo feedback because anvils have a much
stronger shortwave effect than in the net (31). But how
much does cloudy albedo change with warming? And how
much must it change to produce a substantial feedback?

Clearing the cloud of uncertainty A physically-motivated
decomposition that distinguishes the anvil area feedback
from the anvil cloudy albedo feedback is needed. Since mod-
els must contend with representing unconstrained micro-
physics (19-21), we prefer to use observations. This requires
a decomposition that can relate observable cloud properties
to cloud feedbacks in a transparent way. We want to avoid
the persistent confusions that exist for cloud feedbacks (33),
even for the well-known anvil altitude feedback (12).

To achieve these goals, we will derive a novel, analyt-
ical cloud feedback decomposition based on the essential
physics of cloud radiative effects. When combined with ob-
servations, this decomposition lets us identify, understand,
and quantitatively constrain cloud feedbacks in a physically
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transparent way.

We will adopt a ‘storyline approach’ (34), in which we
examine the driving factors that control a cloud feedback
and determine the plausibility of these factors to produce a
particular feedback value. For example if the current lower
bound of —0.4 Wm 2K~ for the area feedback (29) requires
a large change in cloud area, but the expected change in
cloud area is much smaller, then this feedback value can
be ruled out. We will use this storyline approach to show
which feedback is constrained and which is the obstacle to
constraining climate sensitivity.

Conceptualizing cloud radiative effects
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Figure 1: Conceptualizing cloud radiative effects. We idealize the ver-
tical cloud profile into two distinct layers that represent anvil clouds
and low clouds with random overlap. Equations indicate the domain-
averaged contribution of high clouds, low clouds, and the surface to
TOA energy balance. Their sum in the longwave and shortwave is
given by Equation 13 and 15, respectively. See Table 1 for symbol
meanings and values.

Clouds are complex, but for simplicity we divide them
into two types: high (k) and low (¢). (Considering mid-
level clouds does not change our conclusions.) We subsume
their properties into a few bulk parameters that can be ob-
tained from observations and reanalysis (Table 1). These
properties include their area fraction fp, fs, their emission

temperature Ty, Ty, and their cloudy albedo ap,ay (which
is independent of cloud fraction). Longwave emissivity will
not be considered because most clouds have an emissivity
close to one (35). Clear-sky radiation can also be distilled
into a few parameters: the incoming solar radiation S*, the
surface albedo ay, and the outgoing longwave radiation for a
given surface temperature RZ:. This simplification permits
the derivation of analytical expressions for cloud radiative
effects from high clouds and low clouds C},, Cy; cloud over-
lap effects myp; and the TOA energy balance N. See Figure
1 for an illustration and Methods for the derivation.

Analytic feedbacks and the storyline approach

Feedbacks are computed by differentiating Earth’s TOA en-
ergy balance (Equation 15 minus Equation 13, see Methods)
with respect to the surface temperature Ts (36). To start,
we have:

_dN _ dN,
T dT, - dT,

e
dTs’

(1)

where N.s is the clear-sky TOA energy balance and C' =
CL+Cy+myy, is the net cloud radiative effect from all clouds.
Plugging in the analytical expressions for C' (Equation 14
and 16, see Methods), we arrive at an equation for tropical
climate feedbacks in terms of our bulk parameters:

A= Do+ D0 (A AP 4 xatbede ),
i=h.t

(2)

where A is the reference response assuming a fixed anvil
temperature and fixed relative humidity (12, 37); and A3**?,
AgemP - \albedo are the feedbacks from changes in cloud area,
cloud temperature, and cloudy albedo with warming. All
feedbacks are described analytically. See Methods for the
full derivation.

These analytic expressions form the basis of our story-
line approach by transparently and quantitatively relating
changes in cloud properties to their resulting radiative feed-
backs. Let us first focus on the high cloud area feedback,
)\zrea'

The anvil cloud area feedback After collecting all terms
from Equation 1 that involve changes in anvil area dfy, /dTs,
we arrive at a remarkably simple equation for the anvil cloud
area feedback,

)\?Lrea = dclll;sfh <Ch + mgh) . (3)

It depends on the fractional change in anvil area with
warming dIn f,/dTs and the sum of the present day anvil
cloud radiative effect C}, and cloud overlap effect myy. The
logarithmic derivative is used, not only because it follows
from the algebra, but also because fractional changes in
cloud area are easier to interpret and bound than absolute
changes—as we will soon see. And though we computed
the change in cloud radiative effect with warming, the area
feedback does not depend on the change in radiative effect,
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Table 1: Climatological values of tropical quantities (30°S — 80°N) used in this study. All radiative quantities are evaluated at the top of
refer to the observed longwave and shortwave cloud radiative effects from CERES. See Climatology section for

atmosphere. C(l)%}s and C5Y
details.

Quantity Description Tropical mean value Derivation
fn Anvil cloud area fraction 0.17 CALIPSO
fe Low cloud area fraction 0.10 CALIPSO
Ty Anvil temperature 221 K ERA5
) Low cloud temperature 287 K ERA5
T Surface temperature 298 K HadCRUT5
Qg Surface albedo 0.13 CERES
St Incoming shortwave radiation 398 Wm 2 CERES
Ses Clear-sky absorbed shortwave 347 Wm 2 CERES
R Clear-sky outgoing longwave 287 Wm 2 CERES
n Effective cloud fraction scaling 1.7 Fitted from C,
ap, Anvil albedo 0.45 Fitted from C3.
oy Low cloud albedo 0.45 Fitted from C3..
C Net cloud radiative effect —14.8 Wm—2 Inferred
csv Shortwave cloud radiative effect —41.8 Wm ™2 Inferred
Cchv Longwave cloud radiative effect 27.0 Wm ™2 Inferred
Ch Anvil cloud radiative Effect —2.0 Wm 2 Inferred
Cy Low cloud radiative effect —13.4 Wm—2 Inferred
o Cloud overlap effect 0.5 Wm—2 Inferred

but its present-day value. This means it can be measured
and used to constrain the feedback.

The storyline approach in a nutshell Equation 3 reveals
that the smaller the climatological anvil cloud radiative ef-
fect, the larger the change in anvil area would have to be to
produce a given feedback strength. Therefore, we can probe
the plausibility of a particular strength by first quantifying
the observed anvil cloud radiative effect; then calculating
the change in anvil area required to produce such a feed-
back strength; and then comparing the required change in
anvil area to the amount expected from theory, simulations,
and observations. If the expected change in anvil area is
much smaller than the required change, then that particu-
lar feedback strength can be ruled out.

Climatology

Bounding the area feedback beyond A3™** = —0.2 £ 0.2
Wm~2 K=t (29) with the storyline approach requires quan-
tifying the tropically averaged anvil cloud radiative effect
and cloud overlap effect (Cj, + myy). Since these quanti-
ties are not directly observed, they will be inferred from our
simple model of cloud radiative effects.

We do this by inputting observations of cloud fraction
from CALIPSO (38), clear-sky radiation from CERES (39),
surface temperature from HadCRUT5 (40), and atmospheric
temperature from ERA5 reanalysis (41) into our expression
for the net cloud radiative effect (Equations 14 and 16),
see Methods. f, and f; are identified as the maximum of
the observed cloud fraction profile above 8 km and below 4
km, respectively. We then ensure goodness of fit with be-
tween the inferred and the observed cloud radiative effects

by treating the effective cloud fraction scaling n (which ac-
counts for collapsing the anvil cloud fraction profile into a
single level, see Methods and Extended Data Figure 1) and
the cloud albedo of anvil cloud and low clouds as tuneable
parameters.

We test our idealizations by comparing the observed net,
shortwave, and longwave cloud radiative effects (Cops, C312,

o
C ) with their counterparts from the simple model (Figure

obs
2), which take the spatial fields of cloud fraction, tempera-
ture, albedo, and clear-sky radiation as inputs. Our model
can reproduce the spatial patterns of longwave and short-
wave cloud radiative effects, although there are small devia-
tions throughout the tropics, such as an underestimate of C
in the south east of China and an overestimate of C in the
eastern Pacific, next to South America (Figure 2c). Given
the overall close agreement, we consider our model fit for
the task of evaluating the anvil cloud area feedback.

The climatological values of tropical quantities used in
our calculations are summarized in Table 1 and the cloud
properties of interest are plotted in Figure 3. f;, is maximum
in the West Pacific Warm Pool and f; is maximum along the
East Pacific. Decomposing C' into its contributions from
different layers reveals that the net C' is dominated by Cy.
By comparison, the overlap effect myy, is much smaller and
varies less. The same is true for the high cloud radiative
effect C},, which exhibits a remarkable cancellation between
its shortwave and longwave components not just in the warm
pool (13, 27, 42—45), but across the tropics.

Ruling out the lower bound

With these more precise values in hand, we can constrain the
tropical anvil cloud area feedback. To scale our estimate of
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Figure 2: Observed net, shortwave, and longwave cloud radiative effects (C, C*%, C’l“’) from CERES compared to their inferred counterparts.
Tropical mean values are shown in the upper left of each panel. The West Pacific Warm Pool and East Pacific regions are boxed in a). The

colorbar is the same for all plots.
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Figure 3: Climatological values of tropical quantities. a) Effective anvil
cloud fraction and b) low cloud fraction from CALIPSO. The West Pa-
cific Warm Pool and East Pacific regions are boxed to indicate regions
of maximum anvil and low cloud coverage, respectively. c-h) Inferred
cloud radiative effects from Equations 17, 18, 20. Tropical mean val-
ues and standard deviations are shown in the upper left of each panel.
Refer to Extended Data Figure 2 to see myp and C}, plotted with a
finer color scale.
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Figure 4: Interannual changes in anvil cloud area (a) and cloudy albedo
(b) as a function of surface temperature. Each point represents one
year from 2006 - 2016. (a) The slope and correlation of the best fit lines
is shown. Error in the slope due to limited sampling is indicated by
shading. (b) The average cloudy albedo @ is indicated by the dashed
line; the standard deviation o, by shading.

Apre® to the global average, we multiply by the area ratio of
the tropics and the globe, 1/2.

1 dlnfh

2 dT, )

<)\2rea> = <Ch + mgh).

The current lower bound on (Ay™*?) is —0.4 Wm™2K~!
(29), which could make the overall cloud feedback negative,
a necessary ingredient for a climate sensitivity below 1.5 K
(34). Our inferred value tropical mean value of C}, + my, =
—1.5 Wm~2 implies that dIn f; /dT, must be ~ 50% K~ to
achieve this feedback strength.

Following our storyline approach, we will assess how plau-
sible these these cloud changes are by comparing them to
the changes expected from the stability iris hypothesis as-
suming a moist adiabat (24) and from observed interranual
variability (25).

Changes in anvil area with warming The stability iris hy-
pothesis (24) states that the anvil cloud fraction f, is pro-
portional to detrainment from deep convection. Owing to
mass conservation, this detrainment is equal to the clear-sky
convergence, d,w, where w is the subsidence vertical velocity
[hPa/day]. If we make the ansatz that Opw is proportional to
w at the level of detrainment (h), then the fractional change
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in anvil area is equal to the fractional change in subsidence
velocity at the anvil level:

dlnfh o dlnwh (5)

dTs dTs

The subsidence velocity can be written as the quotient of
the clear-sky radiative flux divergence in temperature coor-
dinates (—0rF) and the difference between the actual and
dry lapse rates (21):

_ —OrF
1T —1/Ty

w (6)

Given that OpF does not vary with surface temperature
(46), if we further assume that I'j,, the lapse rate at the anvil
level, is moist adiabatic, then the change in cloud area can
be computed with a few representative numbers. Assuming
the surface warms from T = 298 K to 299 K and the anvil
cloud warms from 7;, = 221 K to anywhere between 221
and 221.4 K (a typical range of anvil warming, see 47 and
references therein), then we expect that anvils change in
area at about,

dln fh
dT

_dIn(1/T, —1/Ty)
B dTs
~—1to—4% K1,

(stability iris)

depending on the amount of anvil warming. Despite the nu-
merous simplifications in our derivation, the result is similar
to the range produced by cloud resolving models (28).

Now turning to ENSO-driven interannual variability, we
compute annual averages of In f, and Ty (the tropical mean
surface temperature) from July to June, similar to (25). To
avoid logarithmic divergences, we exclude grid cells with
fn = 0. We scatter annual averages of In f;, against T in
Figure 4. The line of best fit for this relation gives

dln f,
dT,

~—11% K. (8)

(interannual variability)
Since both of these estimates of anvil cloud changes are much
smaller than what is required to achieve the lower bound on
(Agrea) (29), the area feedback assessment should be revised.

Best estimate of the area feedback Care should be taken
when determining the anvil cloud area change with warm-
ing on different timescales. Anvil area is better correlated
with upper tropospheric stability than surface temperature
(25, 26), and surface- and upper-tropospheric warming (and
thus changes in stability 1/T',—1/T4) do not always go hand-
in-hand on interannual timescales (48, 49). This may al-
ter the anvil area sensitivity to surface temperature inferred
from variability. Indeed, the IPSL general circulation model
(GCM) suggests that anvil clouds are about half as sensitive
for long term warming as compared to interannual variabil-
ity (26). Furthermore, ENSO-driven interannual variability
is not only associated with a change in surface temperature,
but also a reorganization of deep convection from the West

Pacific to the Central Pacific (50) which may further al-
ter the inferred relationship between anvil area and surface
temperature on different timescales.

Given the evidence from theory assuming a moist-
adiabatic change in lapse rate (Equation 7), observations
of interannual variability (Equation 8), and simulations
(26, 28), we estimate that the anvil cloud area changes at
about

dln fh
aT. (9)

We found Cj, + men, = —1.5 Wm™2, but other observa-
tional studies have estimated —4 Wm~=2 (45), 0.6 Wm™2
(19), and 2 Wm~2 (51). This is probably due to methodolog-
ical differences and the fact that anvil clouds have no pre-
cise definition. Furthermore, CERES TOA fluxes have an
uncertainty of 2.5 Wm~2 (39). Considering mid-level clouds
adds an additional uncertainty of 0.5 Wm~=2 (see Methods).
Therefore, we estimate the anvil cloud radiative effect and
cloud overlap effect to be,

=4 + 2%K™'. (best estimate)

Ch+men =143 Wm™ 2. (best estimate) (10)
Using these best estimates in Equation 4, we get our best
estimate of the anvil area feedback to within one standard

deviation:

(Azreay — 0.02 £ 0.07 Wm ?K~'. (best estimate) (11)

Our estimate for the anvil cloud area feedback is posi-
tive but ten times smaller in magnitude and three times
more constrained than the WCRP estimate of —0.2 + 0.2
Wm—2K~1 (29). We deem that the area feedback is now
well constrained because its uncertainty is comparable to
other cloud feedbacks (1, 29). What about the anvil cloudy
albedo feedback?

Uncertainty in anvil cloudy albedo feedback

Qualitative arguments and GCM experiments suggest a sig-
nificant feedback could be produced without any change in
anvil area (31, 52), but let us make that notion quantitative
by considering our analytical expression for the anvil cloudy
albedo feedback,

ldlna
)\?leedo — 5 dTS h ( iw + mz};})
It follows a similar form to the area feedback but depends
on the fractional change in cloudy albedo with warming
dInay/dTs, the shortwave anvil cloud radiative effect C7,
and the shortwave cloud overlap effect myy,.

Given that C;¥ + m$* is about —25 Wm~? (Figure 3f),
producing a feedback of —0.2 Wm™2K~! requires a frac-
tional change in cloudy albedo of only 1 to 2% K~*. In con-
trast to anvil area, even a small change in the anvil’s cloudy
albedo could produce a strong radiative response. The plau-
sibility of such a change is unclear.

(12)
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On the one hand, the cloudy albedo might decrease if
the optically thick portion of anvils decrease with warming
more than thin portions, as suggested by variability (53).
On the other hand, it might increase if anvils contain more
condensate with warming, as could happen if precipitation
efficiency remains constant (24). Building a more sophisti-
cated theory of cloud condensate, perhaps based on a bulk
plume model (54, 55), could help make quantitative, testable
predictions that focus future research.

Up to this point, all of the inferred climatology has been
calculated assuming a constant cloudy albedo («) that is
identical for anvils and low clouds over the 2006 - 2016 pe-
riod (see Methods). If we now compute « for each year, we
find that it exhibits no clear trend with warming, although
it significantly increases during the 2015 - 2016 El Nifio (Fig-
ure 4b). This is interesting in its own right, but given that
low clouds might increase their cloudy albedo independently
of anvils (56), distinguishing oy, from «p will be required to
make firmer conclusions.

A 1to 2 % K~ change in cloudy albedo cannot be dis-
missed, so we conclude that the uncertainty in previous as-
sessments of anvil clouds (1, 29) is embodied by the cloudy
albedo feedback.

Discussion

Summary We have developed a feedback decomposition
that can transparently disentangle feedbacks from changes
in the area and the cloudy albedo of anvil clouds.

We showed that the anvil cloud area feedback is con-
strained by the present day cloud radiative effect and not by
the unrealized change in cloud radiative effect with warm-
ing. Since anvil clouds are radiatively neutral at present
(Ch, = —2 Wm™2), an anvil cloud area feedback equal to that
derived from comprehensive assessments (—0.2 Wm™2K ™1,
1, 29) requires implausibly large changes in anvil area. Over-
lap effects with low-level clouds are accounted for (myg, = 0.5
Wm~2). They dampen the anvil cloud area feedback by
about 25%, but do not qualitatively change our conclusions.
Our results provide a theoretical and observational basis for
previously qualitative arguments.

The anvil cloudy albedo feedback, which is often ob-
scured in feedback decompositions, is constrained by the
present day shortwave cloud radiative effect. Since anvils
are strongly reflective (C;* + mj¥ = —25 Wm™2), an anvil
cloudy albedo feedback of —0.2 Wm™2K~! requires a frac-
tional change in cloudy albedo of only 1 to 2 % K~!, but the
plausibility of such a change remain unclear. This presents
an obstacle for bounding the Earth’s climate sensitivity.

Lingering questions A limitation of our study is that our
decomposition neglects cloud-moisture coupling and the fact
that anvils are composed of clouds with many optical depths
and opposing radiative effects (57). Untangling these contri-
butions to the area feedback is not only a technical challenge
but a conceptual one, as the following questions demon-
strate:

Why is the anvil cloud radiative effect so close to zero?
Given the continuum spectrum of anvil cloud optical thick-

ness (57), radiative neutrality might be a coincidence (44),
or some stabilization principle could be at work (45, 58). We
have shown that the anvil area feedback is a function of the
present anvil cloud radiative effect, so the feedback is state
dependent and could vary between climates if the radiative
effect changes. Understanding why Cj, ~ 0 Wm™2 would
also help to constrain the anvil cloudy albedo feedback.

What is the feedback from mesoscale deep-convective ag-
gregation? Increased aggregation can decrease anvil area
and dry out the atmosphere (59—61). Since we have shown
that changes in anvil cloud area are not a significant feed-
back, the radiative feedbacks associated with aggregation
may instead come from changes in humidity or cloudy
albedo. There are indeed observable changes in N and N,
due to the aggregation of deep convection (59, 61), but prop-
erly quantifying the radiative feedbacks from humidity and
anvil changes has yet to be carried out.

Conclusions The big picture from our work is that theory
and observations can be used to not only understand, but
quantitatively constrain aspects of climate change. This is
a boon for phenomenon that are difficult to simulate.

We use this approach to constrain the anvil cloud area
feedback. But in closing one door, we open another. The
relative theoretical and observational uncertainty of the
anvil cloudy albedo feedback demands focused attention but
promises enhanced returns for constraining climate sensitiv-
ity.

With regards to generality, it might be possible to con-
strain other cloud feedbacks through a similar approach.
Our feedback expressions might also provide a quick, quan-
titative, and physically transparent way to interpret how
model biases influence feedbacks. For instance, if members
of a GCM ensemble simulate C, between £10 Wm™2, but
they all simulate the same dln f,/dTs = —4 % K™, then
their area feedbacks will range between F0.2 Wm 2K 1. If
all ensemble members simulate C, = 1 Wm™2, but sim-
ulate dln fy/dTs = £5 % K~!, then their area feedbacks
will range between £0.03 Wm~2K~!. This quantitative yet
clear diagnostic could provide testable hypothesis that ad-
vance our understanding and development of models.

Such a physically transparent approach has even broader
implications. Communicating with the public about our
confidence (or lack thereof) in clouds and climate change
is hard. However, a physical theory of cloud feedbacks that
can constrain, quantify, and interpret models and observa-
tions, like the one proposed here, could help clear the cloud
of uncertainty.
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Data availability CERES data were obtained from
the the NASA Langley Research Center (https:
//ceres.larc.nasa.gov/data/). CALIPSO/CLOUDSAT

data were obtained from NASA Atmospheric Science Data
Center (https://asdc.larc.nasa.gov/project/CALIPS0/CAL_
LID_L3_Cloud_Occurrence-Standard-V1-00_V1-00). ERA5
reanalysis data were obtained from the Copernicus Climate
Change  Service (https://cds.climate.copernicus.eu/).
HadCRUTS5 data were obtained from the Met Office Hadley
Centre  (https://www.metoffice.gov.uk/hadobs/hadcrut5/
data/current/download.html).

Code availability All scripts used to support the analysis of
satellite and reanalysis data will be made available in a Github
repository upon acceptance.

Conceptualizing cloud radiative effects We start with an ideal-
ized model of cloud radiative effects at the top of the atmosphere
(TOA). Although tropical cloudiness is expected to be trimodal
(62), for simplicity we will consider a domain containing two
cloud types: high clouds (k) and low clouds (¢). (Considering
mid-level clouds does not change our conclusions.) Each type has
an emission temperature 7T}, Ty; an optically thick cloud fraction
fn, fe; and an albedo ap, oy (Figure 1). Mid-level clouds will be
considered in our error analysis.

The TOA energy balance is N = S—R, where S is the absorbed
shortwave radiation and R is the outgoing longwave radiation.
The cloud radiative effect C' is the difference in N between all-
sky and clear-sky (cs) conditions, C' = N — N¢ (63). C can
be decomposed into longwave and shortwave components: C' =
Ccv 4 Cv,

In the longwave component, clear-sky regions with a surface
temperature Ts will emit to space with an outgoing longwave ra-
diation of RZ:, but a portion will be blocked by clouds. Longwave
emissivity will not be considered because most clouds have an
emissivity close to one (35). Assuming random overlap between
high clouds and low clouds (64), the domain-averaged clear-sky
contribution is RX(1 — fn)(1 — f¢). Low clouds are so close
to the surface that we treat their emission to space like clear-
sky surface emission but at 7y. Their domain-averaged contri-
bution is Ref fe(1 — fr). Since R is an approximately linear
function of temperature (65), Ref &~ RT: + Aes(Ts — Ty), where
Aes = —dRes /dTs =~ —2 Wm 2K is a representative value for
the longwave clear sky feedback (37). We assume that high clouds
are so high that they emit directly to space (36) with a value
oT} fr,. Summing these contributions, the domain-averaged out-
going longwave radiation is

R=RE(1— fu)+oTifu+Xes(Ts = To)(L— fu)fe,  (13)
and the longwave cloud radiative effect —(R — R.s) is
C" = RE fu — 0T fr — Aes(Ts — Te)(1 — fu) fe. (14)

In the shortwave component, there is an incoming solar radi-
ation S*, and we assume that there is no absorption except at
the surface. High clouds reflect a portion apfn, back to space.
The transmitted radiation then hits low clouds which reflect a
portion ay fe back to space (ignoring secondary reflections with
the anvils above). The transmitted radiation then hits the sur-
face which reflects a portion as back out to space and absorbs

7

the rest. Summing these contributions, the domain-averaged ab-
sorbed shortwave radiation at TOA is

S = Si(l —anfn)(1 —oefe)(1— as).

The TOA absorbed shortwave in clear-skies is Ses = S¥(1—av),
so the shortwave cloud radiative effect (S — Scs) is:

(15)

Cc*Y = SCS( —anfn —aefe+ OéhOéefhfz)- (16)

It will prove helpful to separate the contribution of high clouds
and low clouds to the net cloud radiative C'. Setting f, = 0 yields
the high cloud radiative effect:

Ch = (= Seson + REs — oT}) fn- (17)
Setting fr, = 0 yields the low cloud radiative effect:
Co = (= Sesoe — Aes(Ts — T0)) fo. (18)

The total cloud radiative effect C in terms of each cloud is:

C = Ch + Co + mun, (19)

where

Mep, = (Scsaeah + ACS(TS - TZ))flfh7 (20)

represents the cloud overlap masking effect. Note that C)
fh, Cz X fg, and myp X fgfh.

Feedback decomposition We will now derive various cloud feed-
backs from these equations and assume a fixed relative humidity.
The lapse rate feedback has been shown to be small when using
this reference response (66, 67), so it will be ignored here.

dN

A= T,
_ Ses  dRL
dTs dTs
= ACS(l - fh)

+(RE: -

dc
dT

+

dfn
dTs

(J'T’;ll +4 )\CS(TS — Tl)fl - Scsah + Scsahalfl)

dfe
dTs

+ (7ACS(TS - TZ)(l - fh) - ScsaZ + Scsahfhaﬁ)

dTh
dTs

+ —40TE i

+ _Acs(]- - fh)flw

d
+ (7Scsfh + Scsfhal’.fé)%

S

d
+ (—Scsfé + Scsahfhfe)%

— SY (1 —anfu)(1 — OMfe)i%:

dAcs

—(Ts = T)(X = fa)fe T

(21)

Recognizing that many of these terms can be rewritten as cloud
radiative effects, we get:
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A=Xes(1— fn)
dl
+ (Ch + méh) dr;fh
dln f,

dT

+ (Cz + mm)

dT,
— 40T} fhd—Th

T, —To) (22)

d(
= Aes(1— fn) fe T
dlnap
dTs
dln oy
dTs

+ (C;‘;“’ +miy )

n (c;w " mzhw)
dln o

+Cs aT.

where we have assumed that dA.s/dTs is negligible, and Cs =

—Si(l — anfr)(1l — ar)as is the surface albedo radiative effect,

which is equivalent to the “cryosphere radiative forcing” (68).
Now we name and then describe each term:

)\ _ )\0 _"_)\?Lrea_’_)\zzrea_’_)\;emp +)\;emp +A?leedo +)\zeilbedo +)\§1bedo
(23)
Ao is the anvil cloud-masked longwave clear-sky feedback. It
is our null hypothesis for the climate response to warming be-
cause it assumes fixed relative humidity; fixed anvil temperature,
area, and albedo; fixed low cloud temperature difference, area,
and albedo; and fixed surface albedo. Ay™* and A7™°* are the
feedbacks from a changing anvil cloud and low cloud area, re-
spectively. ;"™ is the feedback from a changing anvil cloud
temperature. A;°™" is the feedback from a changing temperature
difference between low clouds and the surface. \dPedo  yalbedo
and \Ped° are the feedbacks from a changing albedo of anvil
clouds, low clouds, and surface, respectively. We omit the sur-
face albedo feedback from Equation 2 because we are interested
in tropical climate.

Climatology We combine monthly-mean satellite observations,
surface temperature measurements, and reanalysis and re-grid all
datasets onto a common 2° latitude x 2.5° longitude grid over
the tropical belt (30°N—30°S) from June 2006 to December 2016.
Although anvil clouds populate the globe (69), it is less clear how
extratropical anvils change with warming. Most cloud feedback
assessments only consider tropical anvil clouds, so we will follow
this convention.

From the CALIPSO lidar satellite dataset (38, 70), we ob-
tain vertical profiles of cloud fraction for optical depths between
0.3 < 7 < 5. This range excludes both deep convective cores
and optically thin cirrus unconnected to deep convection (25).
We then vertically smooth the native vertical 60 m resolution
profiles with a 480 m running mean. For anvil detection, we
consider ice cloud data above 8 km. For shallower clouds, we
consider liquid cloud fraction data below 4 km. The diagnosed
cloud fractions are the absolute maximum of the profile in their
respective domains, but if the identified maximum does not ex-
ceed a cutoff (feus = 0.03), then that region is considered to be
clear-sky (f = 0). This algorithm is applied to every grid point
and then tropically-averaged. Our approach thus far resembles
(25).

To match the inferred cloud radiative effects with the observed,
we consider an effective cloud fraction f = n - Max(f(z)) for

high clouds, where n is a single tuned parameter to account for
collapsing the high cloud profile into one level. This accounting is
more important for high clouds, as their profile’s full width-half
maximum is ~ 5 km (Figure 1 of Extended Data), whereas low
clouds are already localized with a full width-half maximum of
~ 1 km (Figure 1 of Extended Data). While n could be more
rigorously derived from detailed considerations of cloud overlap
(64), we opt to determine n by fitting the predicted tropical- and
time-averaged longwave cloud radiative effect C' to its observed
counterpart C'¥, from CERES (see Methods). Doing so yields a
spatially and temporally constant value of n = 1.7. This value
lies between that from assuming maximum overlap between each
layer of the anvil cloud, which yields n = 1 and random overlap,
which yields n = 5.

The height of the diagnosed cloud fraction is then used to
diagnose the cloud temperatures Ty, T; at each space and time
by selecting the corresponding atmospheric temperature in ERA5
reanalysis (41). We use the HadCRUT5 dataset (40) to diagnose
the surface temperature 7.

We use monthly mean TOA radiative fluxes, both clear-sky
and all-sky, from the CERES satellite EBAF Ed4.1 product
(39, 71). We diagnose the surface albedo a; as the ratio of up-
welling clear-sky shortwave radiation SJ, to incoming shortwave
radiation S¥. However, because shortwave absorption and scat-
tering occurs in the real atmosphere, our surface albedo is more
accurately characterized as the planetary clear-sky albedo (72).
We diagnose the cloud albedos by assuming that they are con-
stant, independent of space and time, and that ap = ay = a. We
discuss the impact of this assumption in our uncertainty analy-
sis later on in Methods. We then infer the tropical- and time-
averaged shortwave cloud radiative effect C*" from Equation 16
and tune the albedo to match the observed shortwave cloud ra-
diative effect Cgy,, from CERES. See Cloud albedo in Methods.

Cloud fraction We wuse the CALIPSO Lidar Satellite
CAL_LID_L3_Cloud_Occurence-Standard-V1-00 data product,
the same dataset used in (25). To determine the effective cloud
fraction fr, = n-Max(f(z)), we first demand that n be constant
with space and time. We then fit the predicted tropically- and
temporally-averaged longwave radiative effect C'* to its observed
counterpart CY, from CERES. Given these constraints, and the
inputs to Equation 14, n can be solved for as

(Cobs + Aes(Te = Tr) fo)

n =

(24)
where (-) denotes a tropical- and temporal-average.

Cloud albedo To determine the cloud albedos ap, e, we first
demand that they equal a common value «, and then we fit the
predicted tropically- and temporally-averaged shortwave cloud
radiative effect C** to equal its observed counterpart Cgp,, from
CERES. Given these constraints, and the inputs to Equation 16,
the cloud albedo can be solved for as

B (b)? — 4a){c)
=0 T
where a = Sesfnfe, b = —Ses(fn + fo), c = —C2.

(25)

Uncertainty analysis for area feedback Uncertainty in our es-
timates of dln fr/dTs and C} + myen translate to uncertainty in
AR, As stated in the main text, we estimate dln fr/dTs =
—4+2 %K. For the anvil cloud radiative effect, we found

(Resmax(J(2)) — 0T max(f (2)) + Aea(Tx — Tp) femax(f(2)))
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Ch + men, = —1.5 Wm™2. However, other observational studies
have found it to be —4 Wm™2 (45), 0.6 Wm™2 (19), and 2 Wm >
(51). This is probably due to methodological differences and the
fact that anvil clouds have no precise definition. Furthermore,
CERES TOA fluxes monthly fluxes have a stated uncertainty of
2.5 Wm™2 (39).

Another source of error comes from neglecting mid-level
clouds, a fairly common cloud type (62). Let’s assume that emis-
sion from mid level congestus clouds (¢) experience a clear-sky
greenhouse effect. By symmetry with low clouds, they should
contribute an additional cloud overlap masking term that appears
in our expression for Aarea: Men = (Sesean + Aes(Ts —Te)) fefn-
Assuming that f. = 0.1, f, = 0.17, a. = ap = 0.45, T, = 250
K, Ty = 298 K, Scs = 347 Wm™2, A = —2 Wm'K™! yields
Men = —0.5 Wm™2.

We therefore estimate Cj, +myen = —1+3 Wm™2. This results
in our best estimate of the anvil cloud area feedback:

APy =1/2- (=42 % K ") - (=14+3 Wm™?)

26
=0.02 4+ 0.07 Wm 2K .. (26)
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Extended Data Figure 1: Illustration of effective cloud fraction. The
high cloud fraction profile in the Warm Pool and low cloud fraction
profile in the East Pacific are from CALIPSO. The full width-half max-
imum and effective cloud fraction of each profile are shown. The high
cloud and low cloud profiles are clipped below 8 km and above 4 km,
respectively, in accordance with our detection method.
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