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CLOUDS AND EARTH'S
CLIMATE SENSITIVITY



EQUILIBRIUM CLIMATE SENSITIVITY ECS

The expected steady-state increase in global mean surface temperature
AT, 1n response to sustained forcing F 1s:

AT(0) = S F

Seq 18 “equilibrium” sensitivity of Earth’s climate system, K /(W m_z).

cq

Equilibrium climate sensitivity ECS (steady-state response to sustained
2 x CO, forcing)  ECS [K /(3.7 Wm )] =Seq x(3.7 Wm™)

Synonyms: Equilibrium sensitivity, Climate sensitivity, Sensitivity,
Doubling temperature AT,,, all in units "C or K.

ECS@3 K

It is essential to know the climate sensitivity and the forcing to interpret past
change in Earth’s temperature and to project future changes.



CLIMATE SENSITIVITY ESTIMATES
THROUGH THE AGES

Estimates of central value and uncertainty range from major
national and international assessments

6 | | 4 | | |
X 5| [, A h. | Charney 7
- T rrhenius
X [ A\ v NRC
N 4 LG =E 1 sigma
> 355, 36
= 92 Stefan-
&) Boltzmann
o 1 e
dp)]
0 | |
1880 1890

Carbon Dioxide and Climate:

A Scientific Assessment
NATIONAL ACADEMY OF SCIENCES
Washington, D.C. 1979

Despite extensive research, climate sensitivity remains highly uncertain.



RADIATIVE FORCING IN ANTHROPOCENE

Total forcing
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Uncertainty in total forcing, about a factor of 3, 1s due largely to aerosols.



EARTH’S ENERGY BUDGET

Net energy ~ Planetary  Forcing Response ~ Change in
flux at TOA ~ heating rate ~ at TOA = coefficient surface temp
= dH =F-A-AT,
dt
F
At new steady state: N=0; AT (o)= n

“Equilibrium” sensitivity: Seq[K /(W m~> )] = A_l; AT () = SeqF

_AL(@)

In general: ATs(t)=Seq(F=N);  Seq = N

Equilibrium climate sensitivity (steady-state response to sustained
2 x CO, forcing):  ECS [K /(3.7 Wm )] =S x(3.7 Wm™)



EXPECTED RELATION BETWEEN
ECS AND FORCING

) . AT,
ECS=B.7Wm “)xS.,=3.7Wm °) 5
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ECS vs F— N is straight line on log-log plot; slope = —1.

AT, over 20th century, 0.78 K; net TOA flux N, 0.51 W m2.
Dashed lines account for uncertainties in AT and M.



SENSITIVITY OF GCMS TO CLOUD FEEDBACK

Dependence of equilibrium climate sensitivity on cloud feedback in 29
CMIPS models: Temperature dependence of cloud radiative effect
i and cloud fraction 1n tropical maritime clouds

f: ; HadGEM2-ES (#28)
>5- | 0 __ - ]
= | 30°N <!
= g9 ——— 0 f
- s 00° ;
O 27 |
B 4 o, 286 o : 24
& g
g . 5 N\{#17 . 16 2 10 +1 42
= 3 Change in low cloud fraction, %/K
- > 911150 2
o Low-sensitivity models 5 3 30°N ' ._\ T
=P 1 2—< 0 s . !
O 30°S o o
L] Aagg =L ~1N )11 0 120 °E 120 °W 0
! I
-1 0
dAag /d<T> , %0 K~! Modified from Brient et al., J. Climate, 2016

High-sensitivity models exhibit positive cloud feedback and vice versa.
Albedo change 1s exhibited as change in cloud fraction.



Latitude
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20 GCMs: ERBE Satellite — Model
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WHAT IS A CLOUD?

AMS Glossary of Meteorology (2000)

A visible aggregate of minute water droplets and/or ice particles in
the atmosphere above the earth’s surface.

Total cloud cover: Fraction of the sky hidden by all visibl:; clou

Ramanathan, JGR (ERBE, 1988)
Cloud cover is a loosely defined term. *

Clothiaux, Barker, & Korolev (2005)
Surprisingly, and in spite of the fact that we deal
daily basis, to date there is no universal definiti
Ultimately, the definition of a cloud depe
sensitivity of the instruments used.

Potter Stewart (U.S. Supreme Cozzrt"
I shall not today attempt furt
see 1t. ;



DOE/ER/60085-H1 Prepared for:

NCAR/TN-273 +STR United States Department of Energy

NCAR Technical Notes Office of Energy Research

Office of Basic Energy Sciences
Carbon Dioxide Research Division

and

National Center for Atmospheric Research

Boulder, Colorado 80307
QOctober 1986

Global Distribution of
Total Cloud Cover and Cloud Type
Amounts Over Land

Domain Observations Cloud cover
Millions e

Land 116 524
Ocean 433 64.8
Global 159 61.2

Warren, Hahn, London, Chervin, Jenne
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GLOBAL CLOUD FRACTION

Comparison of climate models and ISSCP observations
75 I I I I I I I I I I I I I I I I I I I I I

I PCMDI/CMIP3 models
— D2 ISCCP _

Global-Annual Mean
70

Cloud fraction, %
(@)] (@)) (@))
(@)] o (@)]

o)
o

45
12 3 45 6 7 8 91011121314 1516 17 18 19 20 21

Model Probst et al., Atmos. Res., 2012

Most climate models exhibit low cloud fraction and compensate with high
cloud albedo.



CLOUD FRACTION BY MULTIPLE METHODS

2 Surface, 3 satellite methods at U.S. Southern Great Plains; 10 years data
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Modified from Wu, Liu, Jensen, Toto, Foster & Long, JGR, 2014

Different methods yield substantial systematic differences in the mean.

Error of 0.1 in cloud fraction is ~ 7 W m2 in shortwave, 4 W m-2 in
longwave.



MEASUREMENTS OF GLOBAL CLOUD FRACTION
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* For clouds with optical depth > 0.1 global cloud fraction is about 68%.

* Cloud fraction increases to 73% when including subvisible cirrus with
optical depth down to 0.01 (e.g. CALIPSO) and decreases to about 56%
for clouds with optical depth > 2 (e.g. POLDER).

» Key reasons for differences: resolution and threshold.
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YORAM KAUFMAN'S VIEW OF CLOUDS

R G B

R(0.645,0.555,0.469) Cloud Optical Depth

TR
'L

1 pixel =250 m

| 10 5751 0 >75
Cloud optical depth T = [ Oexdz lce Clouds Water Clouds

King, M. D., Menzel, W. P., Kaufman, Y. J. et al. (2003). Cloud and aerosol properties,
precipitable water, and profiles of temperature and water vapor from MODIS.
Geosci. Remote Sensing, IEEE Trans.

Ocxt = extinction coefficient
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WHAT AN AUDACIOUS CONCEPT!

To put an imager in space. . .

[1 pixet =250 m |

Cloud optical depth £ = | 7wy

Gy 0 Aleewi WP Laghegs [ [ s B, (e el g
iT oy = Etinchion coeflicen i e o i o e e g M

ey My ey [FRE Tram

) Photo: Rich Kleidman
.. and invert radiance to obtain cloud optical depth.



A CLIMATE MODELER'S VIEW OF CLOUDS

Clouds are represented as rectangular parallelepipeds within grid cells.
A fraction of a grid cell is filled with clouds.
Clouds are stacked with random overlap, or maximum overlap if in adjacent layers.



AN ARTIST'S VIEW OF CLOUDS
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Rene Magritte, The Infinite Recognition



DSCOVR-EPIC VIEW OF CLOUDS

1000 km

RGB image. 4 M pixel.

One pixel = 5.2 urad = 8 km at nadir.
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STEVE'S VIEW OF A CLOUD

—5m

0 —
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1152 —
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2880 —

3456
0

12 M pixel, 16-bit.

| | | |

|

576 1152 1728 2304 2880 3456
ARM SGP site, 2016-0731, 16:35:52 UTC (10:05:52 local sun time)

RGB image obtained with zenith-pointing digital camera at surface.

One pixel = 6 urad = 12 mm

at cloud height 2 km.
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CLOUD OPTICAL DEPTH
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ARM SGP site, 2016-0731, 16:35:52 UTC (10:05:52 local sun time)

Cloud optical depth determined from blue channel of RGB image.
12 million independent determinations of COD from single image.



SOME CONTEXT

These are thin clouds.

Liquid water path: L=(2/3)r.T
T = optical depth; 7,
Fort=1landr, =6 pum,L=4 um < 4 gm™2.

Compare typical precipitable water,2 cm < 2 x 104 g m-2.

Compare Turner CLOWD (BAMS, 2007), 100 g m-2.

Hard (impossible) to measure by radar, microwave.

These are thin clouds indeed!



FURTHER CONTEXT

24-Hour average cloud radiative effect at equinox
At midlatitude site
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Optically thin clouds are radiatively very important!



CLOUD OPTICAL DEPTH
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ARM SGP site, 2016-0731, 16:35:52 UTC (10:05:52 local sun time)

Cloud optical depth determined from red channel of RGB image.
Differs slightly from COD determined from blue channel.



COMPARE COD DETERMINATIONS

3.0 |
— 111 L
< 25 — Fity=a+bx. -
-
= a = 0.066
©. b=0.84
- 20+~ 21
a
S
= 15 _
O
45_ B
o 1.0+ -
e,
= -
O 05 rms residual = 0.046 -
0.0 |

30 05 10 15 20 2.|5 3.0
Cloud optical depth (Red)

ARM SGP site, 2016-0731, 16:35:52 UTC (10:05:52 local sun time)

Compare CODs from red and blue channels of RGB image.
Agreement within 15% at higher COD.



HIGH RESOLUTION IMAGER
Fujifilm FinePix S1 =

16 Megapixels, 3456 x 4608
3 Color, RGB, 16 bit

1200 mm focal length
(35 mm equiv)

1 Pixel = 6 urad

FOV 22 x 29 mrad
(2 x 3 sun diameters)

$350




1200 mm EQUIVALENT FOCAL LENGTH
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Todd Vorenkamp, B&H Photo, NYC
That's 1.2 meters!



NARROW FIELD OF VIEW

29 x 22 mrad = 3 x 2 sun (or moon) diameters, 29 x 22 m at 1 km




HIGH RESOLUTION




RESOLVING POWER TESTS
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Resolves 2 cm blocks at 1 km.
Line trace is 1 pixel wide across 4 cm blocks



SPECTRAL SENSITIVITY CALIBRATION OF RGB CHANNELS

10x10° .

O

=

©

I 460 nm

r, 6- _

D
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- 41

S Probably

= Artifact Real

= 2 -

."c%')

-

% O E80-0-0-0-0-& =004 <0800 DO D= 3D =300
300 400 500 600 700 800 900

Wavelength, nm

Cameras calibrated with XeHg arc lamp, integrating sphere,
NIST calibrated photodiode.

Measurements are hypospectral! We use just red and blue channels.



WHAT A GREAT CAMERA!!
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SHORT RANGE CLOUD VARIABILITY

Moon diameter = 9 mrad.




DEPLOYMENT OF CAMERAS AT SGP




CAMERA FIELD OF VIEW AND SOLAR EPHEMERIS

North

rT.dSianS \ Narrow FOV Camera,
- 22x 29 mrad

= 2 X 3 sun diameters

Wide FOV Camera,
120 x 160 mrad

East Sun, angular diameter

0.535° = 9.3 mrad

Drawn 10 times actual
angular dimension

SGP, Oklahoma
2015-07-31

Times are UTC

South Local sun time: UTC - 6.5 h

Measurements are hyper local!



7 MINUTES IN OKLAHOMA, WIDE FIELD OF VIEW CAMERA
N

| - " 4 1 ‘H“
| S | IL | IL B I. I I I; | I

3121 3122 3123 3124 3125 3126 3127 3128 3129 3130 3131 3132 3133 3134 3135
16:33:09 16:33:13 16:33:17 16:33:21 16:33:25 16:33:29 16:33:33 16:33:37 16:33:41 16:33:45 16:33:49 16:33:53 16:33:57 16:34:01 16:34:05
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3136 3137 3138 3139 3140 3141 3142 3143 3144 3145 . 3146 . 3147 3148 3149 3150
16:34:09 16:34:13 16:34:17 16:34:21 16:34:25 16:34:29 16:34:33 16:34:37 16:34:41 16:34:45 16:34:49 16:34:53 16:34:57 16:35: 01 16 35:05
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3151 3152 3153 3154 3155 3156 3157 3158 3159 3160 3161 3162 3163 3164 3165
16:35:09 16:35:13 16:35:17 16:35:21 16:35:25 16:35:29 16:35:33 16:35:37 16:35:41 16:35:45 16:35:49 16:35:53 16:35:57 16:36:01 16:36:05
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3166 3167 3168 3169 3170 3171 3172 3173 3174 3175 3176 » 3177 - 3178 3179 3180
16:36:09 16:36:13 16:36:17 16:36:21 16:36:25 16:36:29 16:36:33 16:36:37 16:36:41 16:36:. 16:36:49 16:36:53 16:36:57 16:37:01 16:37:05
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3181 3182 3183 3184 3185 3186 3187 3188 3189 3190 3191 3192 3193 3194 3195
16:37:09 16:37:13 16:37:17 16:37:21 16:37:25 16:37:29 16:37:33 16:37:37 16:37:41 16:37:45 16:37:49 16:37:53 16:37:57 16:38:01 16:38:05
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3196 3197 3198 3199 3200 3201 3202 3203 3204 3205 3206 3207 3208 3209 3210
16:38:09 16:38:13 16:38:17 16:38:21 16:38:25 16:38:29 16:38:33 16:38:37 16:38:41 16:38:45 16:38:49 16:38:53 16:38:57 16:39:01 16:39:05

=

3211 3212 3213 3214 3215 3216 3217 3218 3219 3220 3221 3222 3223 3224 3225
16:39:09 16:39:13 16:39:17 16:39:21 16:39:25 16:39:29 16:39:33 16:39:37 16:39:41 16:39:45 16:39:49 16:39:53 16:39:57 16:40:01 16:40:05

S
1 Photo every 4 s. Image is ~120 x 160 mrad = ~240 x 320 m @ 2 km.



7 MINUTES IN OKLAHOMA, NARROW FIELD OF VIEW CAMERA

1001 1002 1003 1004 1008 1012 1013 1014 1015
16:33:12 16:33:16 16:33:20 16:33:24 163328 163332 163336 16:33:40 163344 163348 163352 16:33:56 16:34:00 16:34:04 16:34:08

1016 1017 1018 1019 1023 1024 1026 1028 1029 1030
16:34:12 16:34:16 16:34:20 16:34:24 16 34 28 16 34 32 16 34 36 16:34:40 16:34:44 16 34 48 16:34.:52 16 34 56 16:35:00 16:35:04 16:35:08

1031 1032 1033 1034 1035 1036 1037 1038 1039 1040 1041 1042 1043 1044 1045
16:35:12 16:35:16 16:35:20 16:35:24 16:35:28 16:35:32 16:35:36 16:35:40 16:35:44 16:35:48 16:35:52 16:35:56 16:36:00 16:36:04 16:36:08
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1046 1047 1048 1049 1050 1051 1052 1053 1054 1055 1056 1057 1058 1059 1060
16:36:12 16:36:16 16:36:20 16:36:24 16:36:28 16:36:32 16:36:36 16:36:40 16:36:44 16:36:48 16:36:52 16:36:56 16:37:00 16:37:04 16:37:08

1061 1062 1063 1064 1065 1066 1068 1069 1070 1071 1072 1073 1074 1075
16:37:12 16:37:16 16:37:20 16:37:24 16:37:28 16:37:32 16 37 36 16:37:40 16:37:44 16:37:48 16:37:52 16:37:56 16:38:00 16:38:04 16:38:08

1076 1077 1078 1079 1080 1081 1082 1083 1084 1085 1086 1087 1088 1089 1090
16:38:12 16:38:16 16:38:20 16:38:24 16:38:28 16:38:32 16:38:36 16:38:40 16:38:44 16:38:48 16:38:52 16:38:56 16:39:00 16:39:04 16:39:08

1091 1092 1093 1094 1095 1096 1097 1098 1099 1100 1101 1102 1103 1104 1105
16:39:12 16:39:16 16:39:20 16:39:24 16:39:28 16:39:32 16:39:36 16:39:40 16:39:44 16:39:48 16:39:52 16:39:56 16:40:00 16:40:04 16:40:08

S
1 Photo every 4 s. Image is ~20 x 30 mrad = ~40 x 60 m @ 2 km.



ZENITH RADIANCE DEPENDENCE ON COD

Normalized zenith radiance: Zenith radiance per hemispheric TOA solar irradiance

Unit Wm=2 nm™ ' sr''/ Wm?2 nm™ = sr!

0.8 -

0.6 -

0.4-

— 460 nm, Blue
— 640 nm, Red

0.2

Norm zenith radiance, sr’

Cos(SZA) 0.85

0.0 5 3 456 R — 5 3 456
0.1 1 10 100

Cloud Optical Depth

At higher COD normalized zenith radiance decreases with increasing COD.



COD DEPENDENCE ON ZENITH RADIANCE

e 6 | | |
*g- 5- o o Limits of retrieval —
o, |
© 1 O Min and max points for
;;:i 3- scaling counts to NZR .
o 5 i
ke,
>
o 1- -
O Cos(SZA) = 0.85
0 l5—= | | |
0.0 0.2 0.4 0.6 0.8 1.0

Normalized zenith radiance, sr’

Minima and maxima permit scaling counts to NZR in each channel.



CALIBRATION APPROACHES

Need to calibrate counts in Red and Blue channels to Radiance.

e Absolute calibration (calibrated lamp or radiometer
accounting for geometric effects).

e Field transfer from calibrated zenith radiometer.
e Radiation transfer calculations:

Two point calibration of NZR using minimum (Rayleigh)
radiance and maximum (Bright Cloud) radiance.

Calibration on Dark and Bright scenes permits determination of
NZR, COD, Cloud albedo at native resolution of images.

Concerns:
Aerosol contribution to nominal “Rayleigh” signal.

Dependence on assumptions in RT calculations such as
1-D plane parallel; cloud drop asymmetry parameter.



ZOOMING IN
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Organized structure is present down to 10 cm scale.



STRENGTHS AND ADVANTAGES

High resolution: 6 urad nominal; 20 urad actual.

Large number of independent measurements: 12 million
nominal.

High dynamic range: 16 bit.

Black background of outer space: No surface influence (to first
order); Rayleigh radiance is exactly calculable.

Readily available data acquisition hardware and image
processing software.

Low cost.
Lots of data!



WEAKNESSES AND LIMITATIONS

Two-dimensional only.

Daytime only.

Hyperlocal.

Hypospectral (but 2 channels may be enough).
Limited to COD < 3 (but we see a path forward).
Lots of data!




SUMMARY

High resolution digital photography from the surface presents
an unprecedented view of cloud structure.

Resolution is 3 to 5 orders of magnitude higher than existing
approaches.

Radiance and optical depth of thin clouds are retrieved pixel-
by-pixel from digital camera images at resolution of ~4 cm for
cloud at 2 km.

Cloud radiance and optical depth exhibit rich spatial structure,
for example order of magnitude variation over 40 m x 40 m
domain.

Variation in radiance on scales down to ~10 cm 1s attributed to
variation in cloud optical depth.





