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Changesin anvil clouds with warming remain aleading source of uncertainty
inestimating Earth’s climate sensitivity. Here we develop a feedback analysis
that decomposes changesin anvil clouds and creates testable hypotheses

for refining their proposed uncertainty ranges with observations and theory.
To carry out this storyline approach, we derive a simple but quantitative
expression for the anvil area feedback, whichis shown to depend onthe
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 W m™, whichrequires the fractional change in anvil area to
be about 50% K™ in magnitude to produce a feedback equal to the current best
estimate of its lower bound. We use quantitative theory and observations to
show that the change inanvil areais closer to about —4% K™. This constrains
the area feedback and leads to our revised estimate of 0.02 + 0.07 W m 2 K™,
whichis many times weaker and more constrained than the overall anvil cloud
feedback. In comparison, we show the anvil cloud albedo feedback to be much
less constrained, both theoretically and observationally, which poses an
obstacle for bounding Earth’s climate sensitivity.

Globalwarming depends on Earth’s sensitivity toincreased CO,, but this
sensitivity is tied to how clouds ‘feedback’ on global warming'. While
recent progress has been made in constraining low-cloud feedbacks??,
anvil cloud feedbacks are still leading sources of uncertainty in quan-
tifying climate sensitivity*° despite decades of study® 2. The question
thus remains: how do anvil clouds respond to and affect warming?
Changesinanvils were once thought to produce astrong negative
climate feedback by acting as asolar thermostat®, but the observations
thatled to this conclusion arenolonger considered evidence of suchan
effect’. Then anvils were thought to act as an infrared iris®. Criticisms
of this study’s methodology followed®"*', but recent comprehensive
assessments still cannot rule out amodest anvil cloud feedback*>.
These assessments refer to an anvil cloud area (or amount)
feedback, but it should be more precisely referred to as the
altitude-corrected anvil cloud feedback (hereafter, the anvil cloud
feedback) since it results from changes in area and optical depth but
not changesin altitude, whichare considered in a separate feedback®.
Such decompositions are arbitrary because climate is unchanged by
how itis analysed, but the choice isimportant because it can simplify

interpretations of uncertainty’. Further decomposition may help
constrain the anvil cloud feedback by answering which individual
feedback—areaor optical depth—truly embodies the uncertainty that
obscures estimates of climate sensitivity.

Anvil cloud area is controlled in part by unconstrained micro-
physics” " but also by robust thermodynamic principles***, which
predict a decrease in anvil area with warming as atmospheric static
stability increases®. Thisis consistent with observed variability**** and
most simulations”. The resulting area feedback might be small because
anvils are radiatively neutral”**, But how neutral must anvil clouds be
for the feedback to be small? Whatiif their radiative effect changes with
warming? Orif more of Earthis then exposed to the radiative effects of
underlying low clouds? These questions limit our ability to constrain
the anvil cloud area feebdack.

Less is known about how cloud optical depth changes with
warming”, but it will manifest in optical properties such as anvil cloud
albedo. Changes in albedo might produce an even stronger feedback
than changesinareabecause anvils have amuch stronger effectinthe
short wave than in the net”. But how much does cloud albedo change
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with warming? And by how much must it change to produce a sub-
stantial feedback? These questions call for more quantitative answers
before we can conclude which feedback is more uncertain.

We need a physically motivated decomposition that addresses
confounding factors such as cloud overlap and distinguishes feed-
backs from changes in anvil area and albedo. Since models must
contend with representing unconstrained microphysics"” ", we pri-
marily use observations. This rules out using purely model-based cloud
feedback decompositions®%. Cloud-controlling factor analysis, an
observation-based method used mostly for constraining low-cloud
feedbacks®, requires further study before being suitable for confi-
dently constraining anvil cloud feedbacks. The connection between
anvil clouds and their cloud-controlling factors are not as well under-
stood as for low clouds.

In this Article, we derive an analytical cloud feedback decompo-
sition based on the essential physics of cloud radiative effects. When
itis combined with cloud observations, we can identify, understand
and constrain cloud feedbacks transparently. We adopt a storyline
approach® where we examine the driving factors that control a cloud
feedback and judge the plausibility of these factors to produce a par-
ticular feedback value by comparing with observations and theory
derived from process understanding. This approach shows which
feedback is constrained and which obscures estimates of climate
sensitivity.

Conceptualizing cloud radiative effects

Clouds are complex, but for simplicity we divide them into two types,
high (h) and low (£), and subsume their properties into afew parameters
obtainable from observations and reanalysis (Extended Data Table1).
Theyincludeareafractionsf,, f;,, emission temperatures T, T,and albe-
dos &, a,. Long-wave emissivities are not considered because most
clouds have an emissivity close to one®’. Clear-sky radiation s distilled
to the incoming solar radiation S*, surface albedo a, and outgoing
long-wave radiation for a given surface temperature Rch. Neglecting
atmospheric absorption will bias the surface and cloud albedos to be
higher, but this permits the derivation of analytical expressions for
cloud radiative effects from high clouds and low clouds C;, Cy;
cloud-overlap effects m,,; and the top-of-the-atmosphere (TOA)
energy balance N. See Fig. 1 for an illustration and Methods for the
derivation.

Analyticfeedbacks and the storyline approach
Feedbacks are computed by differentiating Earth’s TOA energy
balance (Equation (16) minus Equation (14); Methods) with respect to
the surface temperature T, (ref. 33). To start, we have:

_dv _dNy  dc o

T dr,  dTy o dT

where N isthe clear-sky TOA energy balanceand C= G, + C, + my,isthe

net cloud radiative effect fromall clouds. Plugging in the expressions

for C (Equations (15) and (17); Methods), we arrive at an equation for

tropical climate feedbacks:

A=Ag+ Y (Area 4 1°MP 4 palbedo), ©))
i=h,¢

where A, is the reference response assuming a fixed anvil temperature
and fixed relative humidity'>**;and 2273, 1;*"" and A2°ed°are the feed-
backsfrom changesin cloud area, cloud temperature and cloud albedo.
See Methods for the derivation.

These analytic expressions serve our storyline approach by
transparently and quantitatively relating changes in cloud properties
to their radiative feedbacks. A more formal Bayesian framework of
hypothesis testing (used inrefs. 4,31 to constrain climate sensitivity by

GTﬁfh
High-cloud
emission }

J‘

Mid clouds

RE(1- fo)(1 - £)

Clear-sky
emission
RIF(1 - )
Low-cloud
emission é
-
o
f“; Bt o

Long-wave radiation

T, a

s* Ys

SY

Incoming \ SYayfi,
solar

f High-cloud
SY(1 - o f)(1 - o farg
4

- — | reflection
=
J Clear-sky

- reflection |
Mid clouds /
SH1 - ayfouf;

# Low-cloud
| reflection |

/s I

- s I
/‘; SR N /
1

Short-wave radiation

1
1
1
!
!

Fig.1| Conceptualizing cloud radiative effects. We idealize the vertical cloud
profileinto 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 sums in the
long wave and short wave are given by Equations (14) and (16), respectively.
See Extended Data Table 1for symbol meanings and values.

reconcilingdiverselinesofevidence)willnotbenecessaryherebecausewe
consider only a process perspective on anvil changes.

Theanvil cloud area feedback, 457%, comes from collecting terms
fromequation (1) that involve changes in anvil area df,/d T

dinf,
A = aT. (Ch + mygp).

(3)

This physically based derivation shows that A3 depends on the
fractional change inanvil areawith warming d In f;,/dT,and the sum of
the present-day anvil cloud radiative effect C;, and cloud-overlap effect
my,. This aids our storyline approach in two ways. Fractional changes
incloudareaare easier to interpret and bound than absolute changes.
And although we computed the change in cloud radiative effect with
warming, our derivationreveals the areafeedback does not depend on
the changein radiative effect, but its present-day value.

This means it can be quantified and used to constrain the feed-
back—the smaller C, + my, is, thelarger d Inf;,/d T has to be to produce
agiven A3 bound. We can probe the plausibility of a given bound by
quantifying the observed anvil cloud radiative effect, calculating the
changeinanvil arearequired to produce thebound and then comparing
therequired change in anvil areawith the amount expected fromtheory,
simulations and observations. If the expected change in anvil area is
much smaller thanthe required change, thenthatbound can berefined.

Climatology
Bounding the area feedback requires quantifying the tropically
averaged anvil cloud radiative effect and cloud-overlap effect (C, + m,).
These quantities are not directly observed and must be inferred from
our simple model of cloud radiative effects.

We do this by inputting observations of cloud fraction from
CALIPSO, adataset from asatellite with lidar remote sensing >, clear-sky
radiation from CERES, a dataset from radiometers flying on multiple
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Fig.2|Observed net, short-wave and long-wave cloud radiative effects
from CERES compared with their inferred counterparts. a, Observed cloud
radiative effects. b, Inferred cloud radiative effects. ¢, Observed - inferred

radiative effects. 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 colour bar
is the same for all plots.

satellites *®, surface temperature from HadCRUTS5, a dataset based on
measurements from ships, buoys, and weather stations ¥, and atmos-
pherictemperature from ERAS, a climate reanalysis dataset >, into our
expression for the net cloud radiative effect (equations (15) and (17);
Methods). Similar to ref. 22, f, and f, are identified as the maximum of
the observed cloud fraction profile above and below 8 km, respectively,
and for an optical depth range between 0.3 and 5.0. This excludes the
thickest and thinnest portions of anvil clouds, but the relationship
between cloud areaand surface warmingisrobust to the optical depth
range considered®. T,,and T,are the atmospheric temperature at the
height of f;, and f,.

We ensure goodness of fit between the inferred and observed
cloud radiative effects by adding a single scaling factor n to the anvil
cloud fraction, which accounts for collapsing the anvil cloud fraction
profileinto asingle level (Methods and Extended Data Fig.1). We treat
nasaconstantbecause spatio-temporal variations in the vertical pro-
file of anvil clouds affect the optical depth and hence a;, and a,, which
already capture this variability as they are allowed to vary from year
to year. In summary, n, &, and a, are tunable parameters to ensure
consistency with observations at TOA (see Methods for further details).

We test our idealizations by comparing the observed net,
short-wave and long-wave cloud radiative effects (Cy,, Cop and C'OV{JS)
with their counterparts from the simple model (Fig. 2), which take the
spatialfields of cloud fraction, temperature, albedo and clear-sky radia-
tionas inputs. Our model can reproduce spatial patterns of long-wave
and short-wave cloud radiative effects, although there are small devia-
tions throughout the tropics: an underestimate of Cin the southeast of
China and an overestimate of Cin the eastern Pacific, next to South
America (Fig. 2¢). Given the overall close agreement, we consider our
model fit for evaluating the tropical anvil cloud area feedback.

The climatological values of tropical quantities used inour calcula-
tionsare summarized in Extended Data Table 1, and the cloud proper-
tiesof interest are plottedin Fig. 3. The f, is maximum in the West Pacific
Warm Pool, and f, is maximum along the East Pacific. Decomposing C
intoits contributions fromdifferentlayers reveals that the net Cis domi-
nated by C,. By comparison, the overlap effect m,, is much smaller and
varies less. The sameis true for the high-cloud radiative effect C,, which
exhibits strong cancellation between its short-wave and long-wave
components notjust in the warm pool*****°, but across the tropics.

Constraining the anvil cloud area feedback

We can now constrain the tropical anvil cloud area feedback. To scale
our estimate of A°"**to the global average, we multiply by the arearatio
of the tropics and the globe, 1/2.
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Fig. 3| Climatological values of tropical quantities. a,b, Effective anvil cloud
fraction (a) and low-cloud fraction (b) from CALIPSO. The West Pacific 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 (18), (19) and (21). ¢, Net cloud radiative effect. d, Low cloud radiative
effect. e, Cloud overlap effect. f, Shortwave high cloud radiative effect.

g, Longwave high cloud radiative effect. h, High cloud radiative effect.

Tropical mean values and standard deviations are shown in the upper left of
each panel. Refer to Extended Data Fig. 2 to see my, and G, plotted with a finer
colour scale.
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1dInf,
24T,

(Aareay = (Co+ Mpy). )

The plausible lower bound of (") > —0.4 W m™K™ comes from
assuming the anvil cloud feedbackinref. 4 isdueto areachanges alone.
This bound allows the possibility of an overall negative cloud feedback,
anecessaryingredient for a climate sensitivity below 1.5 K (ref. 31). Our
inferred tropical mean value of G, + my, = -1.5 W m™~2 implies that
dInf,/dT, must be ~50% K™ to achieve this bound. Following our sto-
ryline approach, we assess how plausible these cloud changes are by
comparing themwith the changes expected from theory” and observed
interannual variability?.

The stability iris hypothesis® states that anvil cloud fraction f, is
proportional to detrainment from deep convection. Owing to mass
conservation, this detrainment is equal to the clear-sky convergence,
0,0, where wis the subsidence vertical velocity (hPa day™). If we make
theansatz that d,wis proportional to w at thelevel of detrainment (h),
thenthefractional changeinanvil areais equal to the fractional change
insubsidence velocity at the anvil level:

dinf,
dr, = d71, ©)

The subsidence velocity can be written as the quotient of the
clear-sky radiative flux divergence in temperature coordinates (-0.F)
and the difference between actual and dry lapse rates':

_ —F
Tur—urg

dInwy,

W (6)

Given that d.F does not vary with surface temperature®, if we
further assume that I, 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 7,=298 K
t0299 Kand the anvil cloud warms from 7, = 221 Kto anywhere between
221 and 221.4 K (a typical range of anvil warming*?, which affects the
static stability the anvil finds itself in”), then we expect that anvils
changeinareaat about

d Infh
dT;

_ _dInA/Th = VTo) oobility iris)
ar. @

~ —1to — 4% K,

depending on anvil warming. Despite the simplifications, the result
issimilar to the mean and standard deviation of large-domain models
in RCEMIP (Radiative-Convective Equilibrium Model Intercompari-
son Project) (-2 + 5% K™ for cloud-resolving models, -2 + 4% K™ for all
models; table S5 of ref. 42).

Now turning to ENSO- (EINifio/Southern Oscillation-) driveninter-
annual variability, we compute annual averages of In f;,and T, (tropical
mean surface temperature) fromJuly toJune, similar toref. 22, and plot
their scatter in Fig. 4. The line of best fit for this relation gives

dinf;
dr,

This change is larger than our simple estimate and from RCEMIP;
itis also larger than the change of -5% K inferred from interannual
variability in Atmospheric Model Intercomparison Project runs with
the Institut Pierre Simon Laplace, Max Planck Institute and National
Center for Atmospheric Research models (see figure S3 of ref. 21).
However, since all of these estimates of anvil cloud changes are still
much smaller than what is required to achieve the lower bound of
(Are?) = —0.4Wm>K™, the bounds of the area feedback can be refined.

Care should be takenwheninferring the long-termanvil cloud area
change from present-day observations. Anvil areais better correlated
with upper tropospheric stability than with surface temperature??*,
and surface- and upper-tropospheric warming (and thus changes in

~ —7to — 11% KL, (interannual variability) (8)
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Fig. 4 |Interannual changes in tropical mean anvil cloud area and anvil cloud
albedo as afunction of surface temperature. a, Area change. b, Albedo change.
Each point represents one year from 2006 to 2016. In each subplot, the slope,
correlation of the best fitline and its standard error are shown. Standard error
inthe slope due to limited sampling is indicated by shading. Inb, the regression
is calculated excluding the 2015--2016 El Niio. See Extended Data Fig. 4 for
regression calculated including the EI Nifio and the regression calculated for
low-cloud albedo.

stability) do not always go hand in hand oninterannual timescales™*,

ENSO-driven variability is associated with reorganization of deep
convection**, which may further alter anvil area’s sensitivity to surface
temperature. Anvil clouds are about half as sensitive for long-term
warming as compared with interannual variability in the Institut Pierre
Simon Laplace general circulation model®, the only model where such
analysis has been done.

Given the evidence from theory (equation (7)), observations
(equation (8)) and simulations*-***, we estimate that anvil cloud area
changes at about

d lnfh
dTy

We found C, + my, = - 1.5 W m™, but other studies have estimated
-4 Wm™(ref.40),0.6 Wm2(ref.17) and 2 W m(ref.45). Thisis probably
duetomethodological differences and because anvil clouds have no pre-
cise definition. CERES TOA fluxes have their own small uncertainties’,
and considering mid-level clouds as distinct entities from low clouds
adds an additional uncertainty of 0.5 W m™ (Methods). Therefore, we
estimate the anvil cloud radiative effect and cloud-overlap effect to be,

= —4 + 2% KL (best estimate) )

(10)

Using these best estimates in equation (4), we get our best estimate
ofthe anvil area feedback to within one standard deviation:

Ch+mgy,=-1£3W m™>. (best estimate)

(Are?) = 0.02 + 0.07Wm™>K~L. (best estimate) (11)

Overlap effects with low-level clouds are accounted for
(my, = 0.5 W m™):they dampen the anvil cloud area feedback by about
25%. Our estimate for the anvil cloud area feedback is positive but ten
times smaller in magnitude and three times more constrained than the
World Climate Research Programme estimate of 0.2+ 0.2 W m2K™
for the anvil cloud feedback®. We deem the area feedback is now well
constrained because its uncertainty is comparable to other assessed
cloud feedbacks**. Our results provide a rigorous basis to qualitative
arguments for a small area feedback”"*°. What about the anvil cloud
albedo feedback?

Uncertainty in the anvil cloud albedo feedback
Asubstantial feedback could be produced without any change in anvil
area'”. To see why, consider the anvil cloud albedo feedback,

1ding
Ibedo _ h
/lﬂe‘)_i (

W SW
ar. Y +m )

h ¢h 12)
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It follows a form similar to the area feedback but depends on the
fractional change in cloud albedo with warming dIna,/dT;,
the short-wave anvil cloud radiative effect ;" and the short-wave
cloud-overlap effect m3; (see Methods for derivation).

Giventhat Q" + mj} ~ —25W m~(Extended DataTable1), produc-

ing Afbedo = 0.2 Wm™ K™ requires a fractional change in cloud
albedo of only 1-2% K™'. How plausible is such a change?

Computing the anvil cloud albedos for each year (Methods), we
finddIna,,/dT, ~6-16% K" and aparticularly large increaseinalbedo
during the 2015-2016 El Nifio (Fig. 4b) for reasons that are unclear—
anvil height and temperature are not as sensitive to EI Nifio (Extended
DataFig.3); and changesinlow-cloud albedo are more ambiguous than
anvil cloud albedo (Extended Data Fig. 4). Such a change implies
Adlbedo ~ 172 x 10% K™ x 25 Wm~2 ~ O(-1) W m? K", alarge negative
feedback, but this should be interpreted carefully.

First, our diagnosed values of cloud albedo may be biased by
ignoring clear-sky atmospheric absorption, assuming a spatially uni-
formcloud albedo, excluding the thickest (r > 5) and thinnest (r < 0.3)
portions of anvil clouds and assuming a cloud emissivity of 1. We have
shown anincreasein anvil cloud albedo with warming, whereas another
observational study showed anvil cloud thinning with warming and
thus a decrease in cloud albedo*. Yet another observational study
showed ice-water path, aproxy for optical depth, to be non-monotonic
with sea surface temperatures®.

Second, there is no guarantee that long-term warming will follow
interannual warming.

Third, there is no compelling, quantitative understanding of
cloud condensate or albedo changes. The cloud albedo response in
simulations warrants caution because of large intermodel spreads
in climatology of cloud condensate and cloud radiative effects*.
Aprecise answer may depend ondisentangling the uncertainresponse
of precipitation efficiency with warming?*%,

Fourth, if anvil cloud optical depthis increasing, then long-wave
emissivity &, will increase too and produce a countervailing positive
long-wave feedback,

issivi 1dlne
emissivity __ h | |
A, =3 (G +miy)

2 dT; a3

but withan uncertain magnitude (see Methods for further discussion).
The net result of these competing components of the optical depth
feedback are unclear, although they might account for the negative
anvil cloud feedback found in the observation study*® that forms the
basis of estimates in comprehensive assessments*”.

Given the lack of understanding of albedo changes, conflicting
observational evidence and a potentially countervailing long-wave
anvil emissivity feedback, we conclude the magnitude and uncertainty
oftheanvil cloud feedback inthese previous assessments is embodied
primarily by optical depth changes. Convective aggregation may also
contribute some uncertainty if it changes anvil optical depth*.

Implications of uncertainty

Arigorous assessment of the anvil cloud area feedback was lacking
because the confounding factors of cloud overlap and a changing
cloud radiative effect on the feedback could not be accounted for. We
leveraged the arbitrary nature of feedback decompositions to derive a
physically based decomposition that could address these challenges.
Withit, we constrained the bounds on the anvil cloud area feedback by
creatinga physical storyline for its previous bounds and then refuting
that storyline with observations and theory.

Much attention has been devoted to changes in anvil cloud area,
but optical depth changes are now the most uncertain aspect of the
anvil cloud response to warming. Focusing on them will promise
enhanced returns for constraining climate sensitivity, but doing sowith
observations alone willbe hard because detecting fractional changein

cloud albedo at the precision of 1% K™ nears the limit of active sensor
global cloud observing systems™.

Constraining these feedbacks will require a mechanistic under-
standing of how anvil clouds partition themselves into their convective
and stratiform components™". Pursuing such an understanding would
benefit other approaches to constraining anvil cloud optical depth
feedbacks, including emergent constraints, model intercomparisons,
cloud-controlling factor analysis, process studies and climatological
predictors, because confidence in these methods ultimately derives
fromunderstanding the physical relationships among environmental
changes, cloud changes and the TOA response.

Suchaphysically transparent approach has evenbroaderimplica-
tions. 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
modelsand observations, like the one proposed here, could help clear
the cloud of uncertainty.

Online content
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Methods

Conceptualizing cloud radiative effects

Wesstart with anidealized model of cloud radiative effects at the TOA.
Although tropical cloudiness is expected to be trimodal®, for simplic-
ity we will consider adomain containing two cloud types: high clouds
(h) and low clouds (£). (Many assessments of cloud feedbacks also use
this bi-modal decomposition*.) Each type has an emission temperature
(T, Tp), an optically thick cloud fraction (f;, f;) and an albedo (a;, a,)
(Fig.1). Mid-level clouds will be considered in our error analysis.

The TOA energy balance is N=S - R, where S is the absorbed
short-wave radiation and R is the outgoing long-wave radiation. The
cloud radiative effect Cis the difference in N between all-sky and
clear-sky (cs) conditions, C=N- N (ref. 52); C can be decomposed
into long-wave and short-wave components: C=C" + C*.,

In the long-wave component, clear-sky regions with a surface
temperature T, willemit to space with an outgoing long-wave radiation
of R%;, but a portion will be blocked by clouds. Long-wave emissivity
will not be considered because most clouds have an emissivity close to
one*. Assuming random overlap between high clouds and low clouds®,
the domain-averaged clear-sky contribution is RE(1-fi)1-£,).
Low clouds are so close to the surface that we treat their emission to
space like clear-sky surface emission but at 7,. Their domain-averaged
contributionis R7f,(1 — ;). Since R%:isan approximately linear function
of temperature™, RY ~R%:+A(T,—T,), where A,=-dR./
dT,=-2W m™K"is arepresentative value for the long-wave clear-sky
feedback®*. We assume that high clouds are so high that they emit
directly to space® with a value oT} f». Summing these contributions,
the domain-averaged outgoing long-wave radiation is

R=RE(1—fy) + 0T fy + Aes(T = TOA = fi o,
and the long-wave cloud radiative effect -(R - R.,) is

CW = RLfy — 0T fiy = Aeg(Ty = TA = fi)fo- (15)

Inthe short-wave component, there isanincoming solar radiation
S*,and we assume that there is no absorption except at the surface. High
clouds reflect a portion af;, back to space. The transmitted radiation
then hitslow clouds, which reflect a portion a,f,back to space (ignoring
secondary reflections with the anvilsabove). The transmitted radiation
then hits the surface, whichreflects a portion a;back out to space and
absorbs the rest. Summing these contributions, the domain-averaged
absorbed short-wave radiation at TOA is

§ =51~ anf)1 - asf)1 - as).

The TOA-absorbed short-wave in clear skies is S, = S*(1 - a;), so the
short-wave cloud radiative effect (§ - S,,) is:

OV = Ses (—anfh — Aufo + an@ofife) - (17)

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

14)

(16)

Co = (~Scsttn + RS = 0T} ) . as)
Settingf, = O yields the isolated low-cloud radiative effect:
C = (_Scsae = Aes(Ts = Te))fe- 19)
The total cloud radiative effect Cin terms of each cloudis:
C=Ch+Cp+my, (20)
where
Mmen = (Scsaé’ah +/lcs(Ts - Te))féifha (21

represents the cloud-overlap masking effect. Note that C, = f;,, C, =< f,
and my, = fif;..

Feedback decomposition

We will now derive various cloud feedbacks from these equations and
assume a fixed relative humidity. The lapse-rate feedback has been
shown to be small when using this reference response’®*, so it will be
ignored here.

_dN
A:Ei
_ Se _dRg | dc
Tdr,  dr,  dT,
= Acs(l _fh)

d
+(RCT; - UTﬁ +Acs(Ts - Te)fe - Scsah +Scsaha€f¢’)§
s

d
+(_Acs(Ts - Té’)(l _fh) - Scsaé + Scsahfhaé)%
s
dTy
dTy

AT, -,
+=Aes(1 —fh)fe%

3
+ — 40'Thfh (22)

dah
dr.
dag
dT;
S - apfi)(1 — af 3%

dT;

dA
darg’

+(_Scsfh + Scsfh aé’fé’)

+(_Scsf€ + Scsahfhfé’)

—(Ts = T)A - fulfe

Recognizing that many of these terms can be rewritten as cloud
radiative effects, we get:
A= /lcs(l _fh)
dinf,
dT;

dinf,
dr.

+(Ch + mgp)

+(Cp + mgy)

dr,
dr,

- 40T fy

AT, -T, (23)
As=fif, 2T
S
dinay,
dT,
dina,
dT,

(G +m)

(G +my)

dinag
dar, ’

+C;

where we have assumed that dA./d T, is negligible, and C,=-S*(1 - a,.f;,)
(1-aypa,is the surface albedo radiative effect, which is equivalent to
the ‘cryosphere radiative forcing™.

Now we name and then describe each term:

1 =/10 +/larea +/12rea +/1:]emp +At€emp +/lalbedo +Azlbedo +Aglbedo (24)

where A, is the anvil cloud-masked long-wave clear-sky feedback. It is
our null hypothesis for the climate response to warming because it
assumes fixed relative humidity; fixed anvil temperature, area and
albedo; fixed low-cloud temperature difference, areaand albedo; and
fixed surface albedo; A**and A3 are the feedbacks from a changing
anvil cloud and low-cloud area, respectively; A,°™is the feedback from

achanginganvil cloud temperature; A;™is the feedback froma chang-
ing temperature difference between low clouds and the surface; A2'bed°,
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Adlbedo gnd Aalbede gre the feedbacks from a changing albedo of anvil
clouds, low clouds and surface, respectively. We omit the surface
albedo feedback from equation (2) because we areinterested intropical
climate.

For simplicity, we have assumed that cloud emissivities of high
cloudsandlow clouds (¢, &,) are equal to one*. However, if we relax this
assumption for completeness, one can show thisleads to a high-cloud
and low-cloud emissivity feedback with the following forms:

emissivity wy dIney
Ah —(dr:v"'mem) dr, ’

dine,
dar, ’

o (25)
Aemlsswlty _ (
" =

w Iw
Gy +miy)

which closely resemble the form of the cloud albedo feedback. Some
of the other feedbacks will have small modifications, but they are
unimportant here.

Climatology

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

Fromthe CALIPSO lidar satellite dataset®, we obtain vertical pro-
files of cloud fraction for optical depths of 0.3 < 7<5.0. This range
excludes both deep convective cores and optically thin cirrus uncon-
nected to deep convection®. We then vertically smooth the native
vertical 60 mresolution profiles with a480 m running mean. For anvil
detection, we consider ice-cloud data above 8 km. For shallower clouds,
we consider the sum of ice and liquid cloud fraction data below 8 km.
The diagnosed cloud fractions are the absolute maximum of the pro-
file in their respective domains, but if the identified maximum does
not exceed a cut-off (f,,, = 0.03), then that region is considered to be
clear sky (f=0). This algorithmis applied to every grid point and then
tropically averaged. Our approach thus far resembles that of ref. 22,
justextended toinclude low clouds.

To match the inferred cloud radiative effects with the observed,
we consider an effective cloud fraction f;, = n x Max(f(z))for highclouds,
where n is a single tuned parameter to account for collapsing the
high-cloud profileinto onelevel. Thisaccountingis more important for
high clouds, as their profile’s full width-half maximum is ~5 km
(Extended Data Fig. 1), whereas low clouds are already localized with a
full width-half maximum of -1 km (Extended Data Fig.1). While ncould
be more rigorously derived from detailed considerations of cloud
overlap®, we opt to determine n by fitting the predicted tropical- and
time-averaged long-wave cloud radiative effect C" toiits observed coun-
terpart ¢ from CERES (see Cloud fraction section). 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, whichyields n=1,and random overlap, which yields n = 5.

The height of the diagnosed maximum cloud fraction is then
used to diagnose the cloud temperatures T,, T, at each space and time
by selecting the corresponding atmospheric temperature in ERAS
reanalysis®®. We use the HadCRUTS dataset” to diagnose the surface
temperature T,.

We use monthly mean TOA radiative fluxes, both clear sky and all
sky, from the CERES satellite EBAF Ed4.1 product®*°®. We diagnose the
surface albedo a, as the ratio of upwelling clear-sky short-wave radia-
tion S, to incoming short-wave radiation S*. However, because
short-wave absorption and scattering occurs in the real atmosphere,
our surface albedo is more accurately characterized as the planetary
clear-sky albedo®’. We diagnose the cloud albedos by assuming that

they are constant in space and by fitting the predicted tropical- and
time-averaged short-wave cloud radiative effect C* to its observed
counterpart C?y_from CERES. With two unknowns, we must provide
two constraints. We do this by splitting the tropics into two distinct
dynamical regimes on the basis of a threshold of 500 hPa midtropo-
spheric velocity sy, = 25 hPa day™ obtained from monthly ERAS rea-
nalysis data. These regions are treated as independent so that they
provide two constraints. The regime-averaged short-wave radiative
effect is then fitted to its observed counterpart by using the fsolve
function from the scipy.optimize python module. (The precise thresh-
old of 25 hPa day™ was chosen because it resulted in the smallest root
mean square error between C" and Cf)‘gs).

Cloud fraction

We use the CALIPSO Lidar Satellite CAL_LID_L3_Cloud_Occurence-
Standard-V1-00 data product®, the same dataset used in ref.22. While
the high-cloud fraction could simply be diagnosed as the maximum
cloudfractionof the profile (t f;, = Max(f(2))), the calculated long-wave
cloud radiative effect C™ will not match with observations. To rectify
this, we consider using a single tuning parameter, n. That is, we have
an effective cloud fraction f;, = n x Max(f(2)) that accounts for repre-
senting a cloud profile with asingle level.

We first demand that nbe constant with space and time to ensure
that areal changes (changes in f;) are not artificially convolved with
vertical changes that relate to optical depth and albedo (a). This deci-
sion projects the spatio-temporal variability in the vertical extent of
anvils more onto athanontof;.

We then fit the predicted tropically and temporally averaged
long-wave radiative effect C™ to its observed counterpart v from
CERES. Given these constraints, and the inputs to equation (15), n can
besolved for as

(CIW +Acs(Ts - Té’)fé)

obs

n= . (26)
(Res max(f(2)) — 0T}y max(fi2)) + Aes(Ts — To)f, max(fi2)))

where (-) denotes a tropical and temporal average.
When plotting the scatter of Inf;,against 7 in Fig. 4, grid cells with
fi=0areexcluded to avoid logarithmic divergences.

Uncertainty analysis for area feedback

Uncertainty in our estimates of dInf,/dT, and C, + m,, translate to
uncertainty in A2 As stated in the main text, we estimate
dInf;,/dT, = —4 + 2% K. For the anvil cloud radiative effect, we found
C,,+ my, =-1.5 W m However, other observational studies have found
ittobe -4 Wm™ (ref.40),0.6 W m2(ref. 17) and 2 W m 2 (ref. 45). This
is probably due to methodological differences and the fact that anvil
clouds have no precise definition. Furthermore, CERES TOA monthly
fluxes have a stated uncertainty of 2.5 W m2 (ref. 36).

Another source of error comes from neglecting mid-level clouds, a
fairly common cloud type™, as their own identities. Let us assume that
emissions from mid-level congestus clouds (c) experience a clear-sky
greenhouse effect. By symmetry with low clouds, they should con-
tribute an additional cloud-overlap masking term that appears in
our expression for A,,,: Mg, = (S, + A (T, — T))ffi,. Assuming that
f.=01,£,=0.17, a,= a, = 0.45, T,= 250K, T,= 298K, S..= 347 Wm"?,
As=—2WmTKyields mg~-0.5Wm™

We therefore estimate C, + my, =—1+3 W m™. This results in our
best estimate of the anvil cloud area feedback:

<A;rea> =1/2x (-4 +2% K_l) X(-1£3W m—Z)
27)
=0.02+0.07Wm 2K

Further uses of our framework
Our feedback expressions might also provide a quick, quantitative and
physically transparent way to interpret how model biases influence

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-024-01414-4

feedbacks. For example, if members of a General Circulation Model
ensemble simulate C,between 10 W m2but they all simulate the same
dInf,/dT, = —4% K1, then their area feedbacks will range between
70.2W m2K™.Ifallensemble members simulate C, =1Wm™, but simu-
late d Inf,,/dT, = +5% K™, then their area feedbacks will range between
+0.03 W m~2 K. This quantitative yet clear diagnostic could provide
testable hypotheses that advance our understanding and development
of models.

Data availability

CERES data were obtained from 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/CALIPSO/CAL_LID_L3_Cloud_
Occurrence-Standard-V1-00_V1-00). ERAS 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/HadCRUT.5.0.2.0/download.html).

Code availability
Scripts used to support the analysis of satellite and reanalysis data
are available at https://github.com/mckimb/anvil-area-feedback and
https://nbviewer.org/github/mckimb/anvil-area-feedback/blob/main/
github_plotting.ipynb.
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Extended Data Fig. 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 maximum 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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Extended Data Fig. 2| Climatological value of tropical quantities. Top) Inferred cloud-overlap effect from Equation (21). Bottom) Inferred anvil cloud radiative
effect from Equation (18). Tropical mean values and standard deviations are shown in the upper middle of each panel. Refer to Fig. 2 to see m,, and C, and other
quantities plotted with abroader color scale.
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Extended Data Fig. 3| Interannual changes in tropical mean anvil cloud height (a) and temperature (b). In each subplot, the slope, correlation for the best fit line
and its standard error are shown. Standard error in the slope due to limited sampling is indicated by shading.
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Extended Data Fig. 4 | Interranual changes in tropical mean anvil cloud albedo (red) and low cloud albedo (blue). (a) The line of best fit is calculated with the
2015-2016 EINifio included. (b) The line of best of fit is calculated without the El Nifio.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-024-01414-4

Extended Data Table 1| Climatological value of tropical quantities used in this study

Quantity Description Tropical mean value Derivation
fn Anvil cloud area fraction 0.16 CALIPSO
fe Low cloud area fraction 0.11 CALIPSO
Ty Anvil temperature 221 K ERA5
Ty Low cloud temperature 287 K ERA5
T Surface temperature 298 K HadCRUTbH
Qg Planetary surface albedo 0.13 CERES
St Incoming shortwave radiation 398 Wm 2 CERES
Ses Clear-sky absorbed shortwave 347 Wm 2 CERES
Res Clear-sky outgoing longwave 287 Wm 2 CERES
n Effective cloud fraction scaling 1.7 Fitted from C’é"gs
ap, Anvil albedo 0.45 Fitted from C5p
Qy Low cloud albedo 0.45 Fitted from C3
C Net cloud radiative effect —15.6 Wm 2 Inferred
sV Shortwave cloud radiative effect —42.6 Wm™?2 Inferred
cw Longwave cloud radiative effect 27.0 Wm ™2 Inferred
Ch Anvil cloud radiative effect —2.0 Wm 2 Inferred
(O Shortwave anvil cloud radiative effect —26.1 Wm™2 Inferred
C’}LW Longwave anvil cloud radiative effect 24.1 Wm~2 Inferred
Cy Low cloud radiative effect —14.3 Wm 2 Inferred
o Shortwave low cloud radiative effect —17.3 Wm—2 Inferred
C}W Longwave low cloud radiative effect 3.1 Wm2 Inferred
myep Cloud overlap effect 0.6 Wm ™2 Inferred
myy Shortwave cloud overlap effect 1.1 Wm—2 Inferred
m?’,: Longwave cloud overlap effect —0.5 Wm ™2 Inferred

All radiative quantities are evaluated at the top of atmosphere. C™ and C_refer to the observed longwave and shortwave cloud radiative effects from CERES. See Climatology section for

details.
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