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Clouds and Climate

“How inappropriate to call this planet Earth, when clearly it is Ocean.” - Arthur C. Clark



Clouds and Climate
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Key actors of climate
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Clouds in our current, and in a warming climate

1. Clouds distribution
2. Coupling with circulation

3. Role in climate



Clouds distribution

clouds are diverse, ...

Shallow cumulus
and cumulus congestus Cumulonimbus




Clouds distribution

... and coupled to circulations.




Cloud types

Cumulus: vertical extent

Stratus: horizontal extent

Cirrus: lock of hair Combined to define
~ 10 cloud types

Nimbus: precipitating

Altum: height




Cloud types

Clouds are classified according to height of cloud base and appearance
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ligh Clouds

Almost entirely ice crystals

Cirrus
Wispy, feathery

Cirrostratus widespread, sun/moon halo




Middle Clouds

Liquid water droplets, ice crystals, or a combination of the two
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— - Convective elements in mid levels

Altostratus
Flat and uniform in mid levels



Low Clouds

Liquid water droplets, except during cold winter storms when ice crystals comprise much
of the clouds.

Stratocumulus
Hybrid

Stratus
Uniform and flat

Nimbostratus
Thick stratus producing rain




Low Clouds

Liquid water droplets, except during cold winter storms when ice crystals (and snow) comprise much of the clouds.

Cumulonimbus

Cumulus &humi”) thunderstorm producing heavy rain
with little vertical growt

Also called "fair weather cumulus”

Cumulus (congestus)
Significant vertical development (but not yet a thunderstorm)



Other spectacular Clouds...

Mammatus clouds (typically below anvil clouds)

Shelf clouds (gust front)

Question: Global cloud cover (%)?



Clouds distribution

Distribution of cloud amount
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Clouds distribution

Cloud amount was underestimated

Also note the latitudinal distribution
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GOES satellite imagery May 2 @ 11,15,18,21 UTC
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Clouds distribution

Brightness temperature from satellite (white <> cold cloud tops)

Large
extratropical

: storm
‘ :I— systems

subtropics: ~no
}high clouds

ITCZ =
Intertropical
convergence
zone

« A year of weather »



Clouds distribution

Water vapor from satellite Large
e e ,“.Q";, SIS g .
Y %‘ ; ’) extratropical => L arge-scale extratropical
EEn. storm convection
| S NN systems

subtropics: ~no
high clouds

L ITCZ=

=> shallow clouds

|~ Intertropical ~ => Small-scale tropical
: convergence convection
==
zone

... but not always that small!
Deep convective system over Brazil:
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Cloud formation
.

Courtesy : Octave Tessiot



Cloud formation

Courtesy : Octave Tessiot



Clouds are coupled with circulation

Extratropical low/high pressure systems
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|~ Hadiey circulation
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Tropics and Subtropics : ITCZ, Hadley, Walker (ENSQO), monsoon

Mid-latitudes : Extratropical frontal systems




Clouds and Circulation

Air gradually sinking opposes cloud development:
air is dry and is warmed by adiabatic compression
(increased pressure)

= unstable layer capped by stable layer

Increasing altitude

Frooud Inversion

Air stops.rising when it
_ ‘ encbu?tS"thé'Warmer air above

Smoke rising

@ rising in Lochcarron, Scotland, is stopped by an overlying layer of warmer air (2006)
-+ =
Decreasing temperature H|g h Pressure -

~

Cool air near surface




Clouds and Circulation: Tropics and Subtropics

Hadley circulation: Zonal and time average Ciloud cover (%
Hadley cell | —, - | S
15 ' :
12 y
GOCCP data,
g 9 from satellite
= lidar
6 (Calipso):
3
o
305
subtropics (30°)
Cloud types:
—O0n average: Deep cumulonimbus Fair weather cumulus stratus

Deep clouds are favored where there is large-scale ascent ;
Shallow clouds are favored where there is descent.



Clouds and Circulation: Tropics and Subtropics

P (mm/day)
1981-1999 climatology, multimodel mean

Small in Subtropics (descent) [Muller & O’Gorman, 2011]

Large in Tropics (ascent)



Clouds and Circulation: Tropics and Subtropics

double ITCZ

‘

Single ITCZ: Atlantic nctioc in boreal summer

Cloud cover (%)

GOCCP data,
from satellite
lidar
(Calipso):

Courtesy Gilles Bellon



Clouds and Circulation: Tropics and Subtropics

in the equatorial Pacific

Walker cell




Clouds and Circulation: Tropics and Subtropics
Walker cell

: (green=cloud cover)
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Clouds and Circulation: Tropics and Subtropics

El Nino Normal conditions El Nifio conditions
in the equatorial Pacific Eastward shifl / extorsion of convection

800000

-,




Clouds and Circulation: Tropics and Subtroplcs

Monsoons

Asian monsoon

West-African monsoon
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GOCCP data,
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Courtesy Gilles Bellon



Clouds and Circulation: Extratropics

Extratropical low/high pressure systems

-
-

N

<
/~ Hadey circulation

Tropics and Subtropics : ITCZ, Hadley, Walker (ENSO), monsoon

Mid-latitudes : Extratropical frontal systems




Clouds and Circulation: Extratropics

Recall : spatial distribution

Brightness temperature from satellite (white <> cold cloud tops) Large

& EUMETSAT 3 &) R extratropical

storm
:I— systems

subtropics: ~no
}high clouds

ITCZ =
Intertropical
convergent
zone

« A year of weather »

Extratropics: low and high pressure systems within the polar jet



Clouds and Circulation: Extratropics

courant-jet polaire

High latitudes => clouds embedded in low/high pressure systems

and associated fronts NASA



Clouds and Circulation: Extratropics

Clouds in frontal systems

Corresponding
T field

Clouds are
clearly linked to
the dynamics

of frontal
systems
;'“’“’* | Cross sectional view
- |
—
p Warm 4’—
= e y Cool air
Cold ; .
A 8
 {a) Mature midiatitudo cyclono | Coid front  Warm front




Clouds and Circulation: Extratropics
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Climate sensitivity

Climate sensitivity: equilibrium change in global mean surface temperature AT when
atmospheric CO, is doubled.

Since the Charney Report, clouds have always been recognized as a key source of
uncertainty for climate sensitivity

a models with a larger positive cloud
feedback have a larger climate sensitivity

Q

SENSITIVITY PARAMETER [K W 'm?]

CLOUD EFFECT PARAMETER



Clouds and radiation

(a) Low clouds solar(P) High clouds
Solar Low albedo
High albedo Thermal |2 ~Thermal
\ \ :High emission | | /| Low emission
YR TR % A
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Planetary cooling
More low clouds: More high clouds:
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Strong SW cooling Little SW effect



Clouds and radiation

Cloud radiative effect: measure of cloud impact on earth energy budget
(incoming radiation at TOA - or tropopause)

Difference between all- and clear-sky flux (> 0 <& warming):
SWi, all sky — SW;, clear sky ( < 0 due to low clouds cooling)
LW, all sky — LW, clear sky (> 0 due to high clouds warming)

Cloud radiative effects in present-day climate (maps for JFM):

LW (annual mean
~ + 30W/m2)

Net (annual mean ~ - 20W/m2)
(compare to 2xCO,: 4 W/m?)

o 0L | o

SW (annual mean
~ - 50W/m2)
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Clouds and radiation

Cloud radiative forcing: difference between all- and clear-sky flux changes
providing a measure of the contribution of clouds to the climate sensitivity.

< 0: clouds oppose warming

Net CRF = LW CRF + SW CRF '[> 0 : clouds strengthen warming

How will clouds respond to increased CO, ?
How will that feed back on climate ?

Results from 2 different climate models (+ 1% CO,/yr) MIROC and NCAR
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Quantifying Climate Feedbacks

We have methods to quantify various contributions
to climate sensitivity

Helps interpret inter-model differences in climate sensitivity :

Clowd feedback
! b Ay et
- . | Surface albedo feedback
Warer vapor + lapse rate feedbacks
Panck response

Dufresne & Bony, J. Chm., 2008

. .-
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Cloud Feedback Processes

How do the different cloud types contribute to global cloud feebdacks ?
=> Low-cloud feedbacks dominate the spread of model cloud feedbacks

CMIP5 Cloud Feedbacks

[ ® LW ® Net ® sSW

© Neghecang Adusaments
e A:mun_lfq !;r A_qus:""-gn!g

- Positive cloud feedback

- Primarily arises from low-level and
high-level cloud feedbacks

- Spread primarily arises from
low-level cloud feedbacks

Tolal High M Low

Zelinka et al., J. Climate, 2013



Clouds in a changing climate

Many remaining questions ...

What controls the low cloud fraction ?
What determines the spatial organization of low clouds ?

What determines the spatial organization of deep clouds ?
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