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Observational determination of

the greenhouse effect
A. Raval & V. Ramanathan

Department of Geophysical Sclences, University of Chicago, Chicago, lllinpis GOB3T, USA

Satellite measurements are used to quantify the
atmospheric greenhouse effect, defined here as
the infrared radiation energy trapped by atmos-
pheric gases and clouds. The greenhouse effect is
found to increase significantly with sea surface
temperature. The rate of increase gives compelling
evidence for the positive feedback between sur-
face temperature, water vapour and the green-
house effect; the magnitude of the feedback is
consistent with that predicted by climate models.
This study demonstrates an effective method for
directly monitoring, from space, future changes in
the greenhouse effect,

Im its normal state, the Earth-atmosphere system absorbs solar
radiation and maintains global energy balance by re-radiating
this energy to space as infrared or longwave radiation. The
intervening atmosphere absorbs and emits the longwave radi-
ation, but as the atmosphere is colder than the surface, it absorbs
more gnergy than it emits upward to space. The energy that
escapes to space is significantly smaller than that emitted by the
surface, The difference, the energy trapped in the atmosphere,
is popularly referred to as the greenhouse effect, G, Some very
interesting questions about the greenhouse effect involve feed-
hacks hetween the various elements of the climate system'. These
feedbacks tend to enhance or diminish small external perturba-

146 W m ¥ whereas clouds increase (7 by 33 W m ™%, (G increases
significantly with surface temperature (T}, even when it is
normalized by the surface emission. The rate of increase of G,
1IWm ™ K™, is consistent with the magnitude of the H,O
preenhouse feedback inferred from climate models and line-by-
line radiative-transfer calculations, Furthermore, the observed
variation of total atmospheric water content ( W) with T, indi-
cates that the normalized greenhouse effect { g} is strongly corre-
lated with W, The observations are compelling evidence for the
H.O feedback. The data also reveal a rapid rise in G at the
higher temperatures { T, = 298 K, the causeis) of which are not
apparent.
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Earth Radiation Budget Experiment: { Joined Team in 1975}

Ramanathan, Barkstrom and
Harrison, Physics Today, 1989
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Greenhouse Effect Due to Chlorofluorocarbons:
Climatic Implications

V. Ramanathan
NASA Langley Research Center, Hampton ,VA

Abstract. The infrared bands of chlorofluorocarbons and
chlorocarbons enhance the atmospheric greenhouse effect. This
enhancement may lead to an appreciable increase in the global surface
temperature if the atmospheric concentrations of these compounds reach
values of the order of 2 parts per billion.

Increase in surface temperature (°K)

Tropospheric mixing ratio (ppb, by volume)
Fig. 1. increase in global surface temperature is
a function of the tropospheric concentrations of
CF,Cl, and CFC1l,. Results are for globally av-
eraged conditions with 50 percent cloud cover.
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The Albedo Field and Cloud Radiative Forcing Produced by a General Circulation Model
with Internally Generated Cloud Optics

THOMAS P. CHARLOCK AND V. RAMANATHAN®
Atmospheric Sciences Division, NASA Langley Research Center, Hampton, VA
(Manuscript received 24 September 1984, in final form 19 February 1985)

ABSTRACT

A speciral general circulation model (GCM) is run for perpetual January with fixed sea surface temperature
conditions. It has internally generated, variable cloud optical properties as well as variable cloud areas and
heights. The cloud optics are calculated as functions of the cloud liquid water contents. The cloud liquid
water contents are in turn generated by the model hydrological cycle. Model generated and satellite albedos
are in rough agreement. An analysis of the cloud radiative forcing indicates that cloud albedo (cooling) effects
overcome cloud infrared cpacity (heating) effects in most regions, which is in accord with the inferences
from satellite radiation budget measurements. Furthermore, both the computed and observed albedo of
clouds decrease from low to high altitudes. When compared to a version of the model with fixed cloud
optics, the model with variable cloud optics produces significantly different regional albedos, especially over
the tropics. The cloud droplet size distribution is also found to have a significant impact on the model
albedos. The temperature of the tropical upper troposphere is somewhat sensitive to the microphysical
characteristics of the mode! cirrus clouds.

The present study is an attempt to calculate the regional albedo of the planet more rigorously than has
been done previously. Simplifying assumptions relating to cloud droplet size and lifetime must still be made,
The model’s results for the radiation budget are encouraging, and it seems that the hydrological cycles of
GCMs are sufficiently realistic to warrant a more physically based (than the one employed here) treatment
of cloud microphysical and radiative processes.

Charlock, T. P. and V. Ramanathan, 1985: The Albedo Field and Cloud Radiative Forcing Produced by a General
Circulation Model with Internally Generated Cloud Optics. J. Atmos. Sci., 42: 1408-1429
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from the Earth Radiation Budget Experiment

V. RamanaTHAN, R. D. Cess, E. F. Harrison, P. MinNis, B. R. BARKSTROM,
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The study of climate and climate change is hindered by a
lack of information on the effect of clonds on the radia-
tionbalmmofﬂ:cﬂrﬂl,m&rmdmuﬂ}cduudfndi:ﬁw

forcing. Quantitative estimates of the distributions
offlﬁijdradmﬁrc fﬁﬁﬁ;havcbwnobﬁiﬁadﬁﬁﬁﬂse
Earth Radiation B t (ERBE)

launched in 1984. For the April 1985 period, the global
shortwave cloud [-44.5 watts per square meter
{W’.n"m’}] due o the enhancement of pl et albedo,
exceeded in nupumdgﬂu:ll:mgwavtdmld rcin {315
me]mulung&mtlupmlmuueﬂﬂufsdnuds
Thus, clouds had a net cooling effect on the carth. This
cooling effect is large over the mid- and -latitude
oceans, with values reaching —100 W/m?®. The monthly

averaged longwave cloud reached maximum val-
ues of 50 to 100 W/m® over the ively disturbed
regions of the tropics. However, this effect is
nearly canceled by a co ive short-
wml:r by rmpundmst}f negative ort-
anmdaut:ufdntrupms 'Ihemnfﬂ::nhuﬂednet
cloud is about four times as as the expected
value of radiative forcing from a doubling of COy. The

shortwave and longwave components of cloud forci
about ten times as large as those for a COy
Hence, small changes in the cloud-radiative forcing fie
cmph}rlmgm.ﬁcantml:uadlmmfmdhnﬂmncha
nism. For examp! lt,dnmgfnghmuom:mgﬂum
ﬂwmﬁmng oy su:ml:.r

tive in response to a migration of
cooler waters, could have s:gniﬁ-::mﬂ:.r amplified oceanic
cooling and continental glaciation.

How these two compering effects of clouds vary with time,
geography, or coud type and structure is not well understood; nor
do we know how clouds modulate meridional and regional radiative
heating. Such heating drives the general droulation of the amno-
sphere and oceans. Significandy different estimates of cloud radia-
tive effects have been used in models of past and future dimates. In
shor, the fundamental question, whether clouds coal or warm the
climare, has remained unanswered.

Cloud-radiative interactions represent a large souree of uncertain-
ty in several areas including: (i) the predicrion of climare changes
associated with an amthropogenic increase in trace gases, and (ii) the
understanding of past and fnure climate changes caused by varia-
tions in the solar constant or the orbital parameters of the earth (3,
4). General circulation model (GCM) studies (4) have contribured
tor our understanding of clovd-climate feedback, and limited obser-
vational studies (5) have aided the identification of complex mecha-
nisms of clowd-climate interaction. However, a global perspecrive
on choud-radiative interactions based on observations has been
lacking.

Observations of the modulation of the solar and LW radiation
fluxes by clouds can provide needed insights into the cloud-climare
interaction. Such modulations are called the shorowave (SW) and
longwave cloud-radiarive forcing (8). We have obtained quantitative
estimates of the global distributions of SW and LW forcing from che
Earth Radiarion Budget Experiment (ERBE), a system of satellites
that provides data on incoming and emitred radiation (7). In this
article, we develop the doud-radiative forcing concepr, describe
global vanations in the forcing on the basis of the ERBE data, and,
finally, discuss the implications of these data for understanding past
and future climatic changes.

Description of ERBE. The ERBE includes three saellites in
different orbits, a system that improves temporal sampling and can
provide data on diumal vanations, The Space Shuttle Challenger

Ramanathan, V., R. D. Cess, E. F. Harrison, P. Minnis, B. R. Barkstrom, E. Ahmad, and D. Hartmann, 1989: Cloud-
Radiative Forcing and Climate: Results from the Earth Radiation Budget Experiment. Science, 243: 57-63
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Atmospheric Greenhouse Effect ( No Clouds)
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Resolution of the Basic TOA Forcing Terms

Units: W.m2
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Source: Ramanathan, 1998



Solar Absorption: Anomalies in the Warm Pool

RAMANATHAN ET AL. (1995)
TROPICAL PACIFIC WARM POOL

SW CRF(TOA) = -65 W m

EXCESS ALL-SKY ABSORPTION
RELATIVE TO CLEAR SKIES =35 Wm?

SW CRF(SRF) =-100 W m? (FROM RESIDUAL)
e e

WALISER, COLLINS & ANDERSON (1996):
SW CRF(SRF) =-103 W m? FROM IMET BUOYS

CONANT ET AL. (1996): RADIATION MODELS AGREE

TO WITHIN 4 W m™ OF THE OBSERVED AVERAGE
CLEAR-SKY OCEAN AND ATMOSPHERIC HEATING.

CHOW & ZHAO (1996): IMET BUOYS, 2 SHIPS & 2 ISLANDS

SW CRF(SRF) =-99 W m? AND NO CLEAR-SKY
OBSERVATIONAL-MODEL DISCREPANCY

CESS (1995) Found Similar anomalies Globally



volution of the understanding of the atmospheric absorption in the global energy budget

(in Wm-2)
1920's 1980's NOW
343
170 102
30
Atmosphere
143

Source: Ohmura and Gilgen, 1993; Cess et al. 1995; Pilewskie and Valero, 1995; Ramanathan et al., 1995
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KIM AND RAMANATHAN: SOLAR RADIATION BUDGET AND FORCING

Clear sky ﬁ All sky
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——Solar radiation budget and radiative forcing due to aerosols
and clouds

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, D02203, doi:10.102922007JD008434, 2008
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Direct observations of Aerosol Direct Forcing: CERES on TRMM Over

Maldives INDOEX Results

Direct cbhservations: Clear-5ky Forcing Effidency
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Miniaturized
Instruments for
UAV

Opiicol Particle Counter (580 g) >
Nopc; 0.3 < Dp < 3 pm

Aerosol inlet & splitier {150 g) . *—a
> unbiased aerosol sampling Cloud Droplet Spectrometer (1.4 ig)
2 disic 1 < D< 50 pm

it probe (50 g)
-> Temperahwe & RH

-2 imadiance 0.3 —2.8 jun - iradiance 400— 700 nm =2 Cloud water {g m=}

Ramanathan, Roberts, Ramana, Corrigan
, Nature, 2007




PART-B: Estimation of Feedback from ERBE Data



The Water Vapor Feedback

Temp dependence of
Saturation vapor

pressure:
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Comparison of G, and sea surface temperature
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Source: Ramanathan, 1998

Sea surface temperature (K)
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Tropical and global scale interactions among water vapor,
atmosphceric greenhousc cffect, and surface temperature

Anand K. Inamdar and V., Ramanathan
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Unit; Wm—=2K-1

COMPONENTS OF
EARTH RADIATION BUDGET

Earth 4
Emitted GT

The planet gives off 1.9 Wm- per degree C increase in Temperature
Inamdar and Ramanathan 1998




Sea Ice-Albedo Feedback
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Jun average seaice vs csalbedo for EU slope=0.59
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Table 2 Feedbacks due to Arctic sea ice retreat by the regional kernel method. Two mea-
sures of range are given. The second column gives the range between methods (regional
versus total Arctic, kernel versus direct calculation), and the third gives 90% confidence

intervals from a bootstrap calculation; these ranges are consistent with each other.

A=1979-2007 (gi) (Eﬂ ) Range (methodological) | Calculation uncertainty
Northern Hemisphere: AT g (1979 —2007) = 0.58 K
(d'i}ﬁ) 0.21 Wm—2K~! 0.15 to 0.27 0.16 to 0.26
s, NH
Global: ATy 51,(1979 —2007) = 0.39 K
LOabs 0.10 Wm—2K~! 0.08 to 0.14 0.08 to 0.13
de,gIb




Some Outstanding Issues That Can be Looked at with CERES Data

The Water Vapor Continuum : Feedback

Spatial Structure of Clouds and Their Albedos

Planetary Albedo: Development of a Theory



Zonal Distribution of Atm. Greenhouse Effect
(Total & Window from CERES)

TRMM SSF Ed 2A JAN 1998
—— ———

00 1 T
I Total !
150 / -
— 1
g -
£ 100 -
(@]
o |
50} _ -
I Window
O- ]
-40 2 0 2 4C



E.R. Boer and V. Ramanathan, Lagrangian Approach for Deriving Cloud Characteristics from Satellite
Observations J. Geophys. Res. Atmospheres 1997

Bring In Spatial Structure of Clouds

Original Brightness Temp. Image Clouds After Detect Stage-1
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