Understanding the anvil cloud area feedback
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Knowns and unknowns in climate feedbacks

Climate models simulate the longwave
clear-sky feedback to within 5%

Aos = 1.88 +0.09 Wm 2K !
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Knowns and unknowns in climate feedbacks

Climate models simulate the longwave
clear-sky feedback to within 5%

Aos = 1.88 +0.09 Wm 2K !

Cloud feedback uncertainty is larger than

the feedback itself
Alouds = 0.45 + 33 Wm 2K !

Much uncertainty comes from the anvil
cloud area feedback
Airis = —0.2+ 0.2 Wm 2K ™!
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Assessed Cloud Feedback Values

High-Cloud Altitude 4
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Tropical Anvil Cloud Area 1 I—E
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Uncertainties in the anvil cloud area feedback

2 distinct questions

Major advances since AR5
o Comprehensive assessment of feedbacks in

Risirig high clouds (+) different cloud regimes (cf. Table 7.9)
o Increased confidence of the positive low-cloud
i ) I e Fewer anvil clouds (-) amount feedback
. . ) < — o Improved understanding of the cloud phase
e How much does anvil cloud fraction [ ervrossabiy \ change eedback

T
change with warming?

T Rising of Tropopause

Rising of tropopause

Enhanced stability

TU--lY Fewer low clouds (+)

e Whatis the the radiative feedback due to
that change?

o Moreliquid from ice (-)
52y o

<y
Destabilization

Equator . 30° 60° Pole
Surface warming

ARG, Chapter 7



Does anvil cloud fraction change with warming?

Change in f_ with warming in RCEMIP
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Does anvil cloud fraction change with warming?

e Models of RCE simulate a diversity of f,
changes—some positive, some negative.

e This diversity might stem from
microphysical parameterizations.

frn = CSC - microphyiscal tendencies

e Itisa problem that models can’t agree on
this aspect of climate change.

Stauffer and Wing, 2022; Jeevanjee 2022; Beydoun et al, 2021
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Change in f_ with warming in RCEMIP
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Does anvil cloud fraction change with warming?

e Observations of interannual variability show that

tropical mean f, decreases with warming.

df, =
Yh _ 02K
aT, 0.0

Saint-Lu et al, 2020; Bony et al, 2016; Jeevanjee 2022
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Does anvil cloud fraction change with warming?

(a) CFanv against Ts
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Does anvil cloud fraction change with warming?

e Ahumaniris changes areato e Do anvil area changes counteract
counteract changes in light intensity. changes in surface temperature?

https://www.scientificamerican.com/article/seeing-in-the-dark1/, Image: https://eol.jsc.nasa.gov/SearchPhotos/photo.pl?mission=1SS066&roll=E&frame=37532


https://www.scientificamerican.com/article/seeing-in-the-dark1/

Does anvil cloud fraction change with warming?

e Ahumaniris changes areato e Do anvil area changes counteract
counteract changes in light intensity. changes in surface temperature?

https://www.scientificamerican.com/article/seeing-in-the-dark1/, Image: https://eol.jsc.nasa.gov/SearchPhotos/photo.pl?mission=1SS066&roll=E&frame=37532


https://www.scientificamerican.com/article/seeing-in-the-dark1/

What is the the radiative feedback due to a decreasing f, ?

e The anvil cloud area can be estimated with the

change in cloud radiative effect (CRE) with

warming, but the interpretation is complicated.

Williams and Pierrehumbert 2017, AR6 Chapter 7
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Major advances since AR5

o Comprehensive assessment of feedbacks in
different cloud regimes (cf. Table 7.9)

o Increased confidence of the positive low-cloud
amount feedback

o Improved understanding of the cloud phase

f change feedback
\ Rising of tropopause

Enhanced stability

= \“\_\\\¥\l Fewer low clouds (+)
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What is the the radiative feedback due to a decreasing f, ?

e The anvil cloud area can be estimated with the
change in cloud radiative effect (CRE) with
warming, but the interpretation is complicated.

CRELw = —(R — Res)

CREsw = S — S¢s
o Clouds and clear-skies change
o Other cloud properties change

o Different reference response than
traditional feedback decompositions

Williams and Pierrehumbert 2017; AR6 Chapter 7
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Major advances since AR5

o Comprehensive assessment of feedbacks in
different cloud regimes (cf. Table 7.9)
o Increased confidence of the positive low-cloud
amount feedback
o Improved understanding of the cloud phase
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What is the the radiative feedback due to a decreasing f, ?

e The anvil cloud area can be estimated with the
change in cloud radiative effect (CRE) with
warming, but the interpretation is complicated.

CRELw = —(R — Res)
CREsw = S — S¢s
o Clouds and clear-skies change
o Other cloud properties change
o Different reference response than
traditional feedback decompositions
e Can we approach this problem in

another, simpler way?

Williams and Pierrehumbert 2017, AR6 Chapter 7

Adjusted ACRE/AT (W m2 K"
Net (SW+LW)  (c)
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Major advances since AR5

o Comprehensive assessment of feedbacks in
different cloud regimes (cf. Table 7.9)
o Increased confidence of the positive low-cloud
amount feedback
o Improved understanding of the cloud phase
f change feedback

T Rising of Tropopause
Rising high clouds (+)

Fewer anvil clouds (-)
% —
/. Enhanced stability

Rising of tropopause

Enhanced stability

-~ X Fewer low clouds (+)

I Moreliquid from ice (-)
Destabilization
T

1 1
Equator X 30° 60° Pole
Surface warming



A two layer model of cloud radiative effects

g
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One Grid Cell



A two layer model of cloud radiative effects

gt Sty fi Y ?
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top of atmosphere

high cloud: T}, fn, ap

S¢(1 — Qﬁ'hfh) net at top of atmosphere
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low cloud: Ty, fo, oy
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A two layer model of cloud radiative effects

Si‘ S\L ap, f h

Res(1= fi) (1 £) oTE fr SU1 = anfin)ouf
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Sv(l - (l’lh,/b}L)(]. — (,};]f])(}ig

high cloud: T}, fn, ap

S.(1— anfr)

low cloud: Ty, fo, oy

Sw\/(\l — Op, f;J(] e (jk'/f[)
longwave shortwave

top of atmosphere

net at top of atmosphere
R = Res(1— fo)(1 = fo)
—I'O-Ti%fh + Rcs‘Te(l - fh)fé
S = Si(l —apfr)(1 —afi)(1 — as)

“High clouds are so high they emit directly to
space, low clouds are so low they emit like the
surface (but slightly cooler)”

surface: Tk, o

One Grid Cell




A two layer model of cloud radiative effects
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A two layer model of cloud radiative effects

\_ AN _dS—H]
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— \dTS P &fh dTs |
cloud-masked clear-sky feedback NV v
PHAT feedback iris feedback

+...(low cloud feedbacks)



A two layer model of cloud radiative effects

\_ AN _dS—H]
- dT,  dT,
dT; 1 d
= Acs(1 = fn) — 40T} i + — i [CREh + Aes(Ts — Tg) fofn + SH(1 — @s)@efeahfh]
— \dTS P &fh dTs |
cloud-masked clear-sky feedback D v
PHAT feedback iris feedback

+...(low cloud feedbacks)

A number of questions arise:

What can we learn from this equation?

How do we validate it?

Can we estimate the iris feedback?

What is missing from or assumed in this model?



What can we learn from this equation?

1 d
Airis = A dJ;Z CRE} + Aes(Ts — To) fofn + S*H(1 — as)ap fean fn

The iris feedback owes to 3 contributions:

*Others have anticipated this coupling between high and low clouds (e.g. Lindzen et al, 2001; Kang et al, 2020) but lacked an intuitive and quantitative description of it.



What can we learn from this equation?

Airis = CRE} + Aes(Ts — To) fofn + S*H(1 — as)ap fean fn

fn dTs

The iris feedback owes to 3 contributions:
1. Thefractional change in high cloud area

stability iris stability iris

CW R W
<> <>

longwave shortwave

*Others have anticipated this coupling between high and low clouds (e.g. Lindzen et al, 2001; Kang et al, 2020) but lacked an intuitive and quantitative description of it.



What can we learn from this equation?

1 dfy

S
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CRE}, + Aes(Ts — To) fofn + SH(1 — o) foan fn

The iris feedback owes to 3 contributions:
1. Thefractional change in high cloud area
2. The high cloud radiative effect in the absence of low clouds

high cloud high cloud
radiative effect radiative effect
CRE;" CRESWY
stablllty iris stablllty iris

longwave shortwave
*Others have anticipated this coupling between high and low clouds (e.g. Lindzen et al, 2001; Kang et al, 2020) but lacked an intuitive and quantitative description of it.



What can we learn from this equation?

1 dfy

Airis =
fn dTs

CRE}, + Aes(Ts — To) fofn + SH(1 — o) foan fn

The iris feedback owes to 3 contributions:
1. Thefractional change in high cloud area
2. The high cloud radiative effect in the absence of low clouds
3. The radiative effect of low clouds no longer blocked by the high clouds

high cloud low cloud high cloud
radg;\éisvﬁeCt unmasking radiative effect J(;Vr:/]acii?r?
n Nes (Ts = To) ff CRESY - °
(1 — as)ay fean fn
stablllty iris stablllty |r|s /
longwave shortwave

*Others have anticipated this coupling between high and low clouds (e.g. Lindzen et al, 2001; Kang et al, 2020) but lacked an intuitive and quantitative description of it.



What can we learn from this equation?

1 dfn

Airis = — CRE} + Aes(Ts — To) fofn + S*H(1 — as)ap fean fn

fh de

CRE;, ~ —4 Wm *K™*
CRE, distribution in equatorial
western Pacific Ocean region
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Hartmann et al, 2017
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What can we learn from this equation?

Airis =
fn dTs

)\cs(Ts - Té)féfh ~—2 Wm_QK_l

15 K-0.1-0.15 ~ —0.5 Wm 2

CRE}, + Aes(Ts — To) fofn + SH(1 — o) foan fn

SH(1 — o) feo frn =~ 340Wm ™2 -0.87-0.5-0.1-0.5-0.15 ~ 1.1 Wm ?K™!

Outgoing long-wave radiationT A
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Deep overturning circulation
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Bony et al, 2015; Bony et al, 2005



Estimating the tropical mean anvil cloud area feedback
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Estimating the tropical mean anvil cloud area feedback

<)\iris> — <— <§vh> {<CREh + )\cs (Ts - Tf)féfh + Si(l . as)aﬁfﬁahfh>}

AN
N
Q.

e What do the terms mean?
(-) Tropical average (+/- 30 deg N)
——— Temporal average over all years



Estimating the tropical mean anvil cloud area feedback

(An) d(fn)
<)\iris> — <f—:> d<TZ> [<CREh + >\cs (Ts — T€)f€fh + Si(l . O‘s)aﬁfﬁahfhﬂ

e What do the terms mean?
(-) Tropical average (+/- 30 deg N) CALIPSO
——— Temporal average over all years

e |et’svalidate using...
o HadCRUT for T, ERAS5 for atmospheric T
o CALIPSO forf_and f, CERES for CRE and surface albedo
o Estimate clear-sky feedback as -2
o Estimate cloud albedo by fitting predictions of Sand R




Validating the two layer model

Following Saint-Lu et al, 2020: Use cloud fraction of clouds with optical depth 0.3 <tau<5

Step 1 Step 2 Step 3 Step 4
20 ] 20 ] 20 1 local max . 20 ] 3 3 ~
| Id centroic lat=0, lon=0, time_index=10
15 - 15 - 15 - 15 -
§10— §10— §10— §,10-
N N ] N N
5 5 5 5
O_ |||v|| |||||||||||| O_- lvlvll llllllllllll O_ IIIIII llllllllllll O; ||v|| ||||||||||||
0001020304 0001020304 0001020304 0001020304
f f fh f

* This definition of anvils excludes clear-sky regions, as well as subvisible cirrus clouds, and the cores of deep convective clouds.



Validating the two layer model

MONTHLY SNAPSHOT 10 YEAR AVERAGE

CALIPSO High Clouds CALIPSO High Clouds
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Each circle is a different year (averaged

from July to June)

We get a decrease in f, over the 10-year
record, consistent with Saint-Lu et al, 2020

Validating the two layer model
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Validating the two layer model

R = Rcs(l = fh)(l = ff)
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Validating the two layer model

R = Rcs(l = fh)(l = ff)
+0Ty f + Reslr, (1 — fn) fo

S = SH(1 — apfr) (1 —afi)(1 — ay)
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R = Rcs(l = fh)(l = ff)
+0 T, fu + Reslr, (1 = fn) fo

S=5"1—-apfn)l —arfi)(1 —ay)

e Wedon’t have cloud albedo
data, so we tune it

° Fit albedo to minimize mean

CRE error

Validating the two layer model

TOA Fluxes / Wm™2

CRE / Wm™2
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“With four parameters | can fit an elephant, and with
five | can make him wiggle his trunk”
- John von Neumann



Estimating the tropical mean anvil cloud area feedback
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Estimating the tropical mean anvil cloud area feedback

(An) dy

<)\iris> — <fh> d<

;hi {<CREh + Aes(Ts — To) fofn + SH1 — as)@efeahfhﬂ
" 0.26 +  -0.37 + 1.07

Predicted values

{'iris_feedback': -0.05
'cre_h':0.26
'lowcloud_lw': -0.37
'lowcloud_sw': 1.07
'of_c'7'

'albedo': 0.4

'fh_avg'" 0.17

'df_dts'": -0.02

'area_average': 0.50




Estimating the tropical mean anvil cloud area feedback

<)\iris> — <A_h> d<fh> {<CREh + )\cs (Ts — Tﬁ)fﬁfh + Si(l . Qs)gﬁfﬁahfhﬂ

frn) d(T%)
n 0.26 +  -0.37 + 1.07

Assessed Cloud Feedback Values

Predicted values High-Cloud Altitude { ——
{'iris_feedback': -0.05 w ——1
1 1,
'::re_l'll ’ od.zf , 0.37 Tropical Anvil Cloud Area 1 |—1LO-|
owcloud_lw': -0.
'lowcloud_sw': 1.07 Land Cloud Amount 1 B—I
'cf_c'T
'albedo': 0.4 Middle Latitude Marine Low Cloud Amount 1 3—'
'fh_avg': 0.17 High Latitude Low-Cloud Optical Depth A |—4—|
'df_dts-002  lceseeenee T P
'area_average': 0.50 Total Cloud Feedback | i
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Summary

1 dfy,
Summary : : . Airis = 7 dT [CREh + Aes(Ts = Tp) fefn + SH(1 - as)aefzahfh]
e Oursimple model describes how the iris h @2s
H H high cloud o |
feedback is a competition between a small CRE, rdintive offect e Saat -
and small low cloud unmasking effect. ORE;" ATy = To i CRE}™ Moy

as)ag fean fr

S
stability iris stability iris

(€ it >> € i, 5>

longwave shortwave

We use observations and the model to predict a
nearly neutral iris feedback.




Summary

1 dfy
Summary : : . Airis = 7 dT [CREh + Aes(Ts = Tp) fefn + SH(1 - as)aefzahfh]
e Oursimple model describes how the iris h @2s
H [ high cloud x |
feedback is a competition between a small CRE, diative fec o) mg:;jthlvcoli;f d o
and small low cloud unmasking effect. ORE;" ATy~ T i CRE} N g B

stability iris

e We use observations and the model to predict a
nearly neutral iris feedback.

—

stablllty iris ‘

EEDY

Questions and Follow ups e
e We miss middle clouds, thin cirrus, etc. Does that
matter? Does the optical depth considered matter?
e  Error/uncertainty analysis?
e Can we use this model to understand intermodel spread
in the anvil area feedback?
e Canwe understand why Lindzen et al 2001 thought the
feedback was so important?
e  Whyis CRE, smallin the first place?
Do low clouds ever matter for the iris feedback?
e Canwe understand if the stability iris radiative effect
influences low cloud cover or the circulation?

shortwave



Other directions

Apply to low clouds feedbacks by distinguish cloud
types, introducing cloud-controlling factors, etc.

Apply to forcings, i.e. “cloud masking” (a-la
Jeevanjee et al, 2021)

Motivate a new feedback decompositions that more
clearly distinguish clear sky and cloud feedbacks
(a-la Yoshimori et al, 2020)

Use to calculate priors more objectively in ECS
estimates (by diagnosing the feedbacks from
observations)
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