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PfincBlon Univsraity
Forrestal Campus, US Route 1
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FAX: 298-5070

COMM:609-452-6502 
FAX: 609^987-5070

November 14, 1991 R/E/GF

Ms, Katie McGinty 
U.S. Senate
SR 393 Russell Building 
Washington, DC 20510

Dear Katie,

This is In response to your

.IS sKaptlcism". sinoa ' ' House Science
rroSrHU:^^ r o«e;d no mdlceticn t.. he had
changed any views whatsoever.
Concerning the content of j^cur^rentfy n^t well characterized In
he Is searching for anv ^ ie disturbing is his
today's models. That, ^ L feedbacks will be dlsccverd If only wf
^re'cUere^ugttX th^ ’i^fo.un^te,y, that ,s a rundamentally unsolentiflc 

assertion which seems to be offered in the neme of sraence.

Ccncarning the 4 points of his testimony in paragraph 2i

1 The models do indeed all show a iarge positive feedbaokdue to 
’ water vapor. A number of obser'/etional studies a'® du't

" Sstent With that result. Oddly, «
"defense lawyers” choices of things to attack the 
moTarne would look a lot less foolish to his aoienof.o pee s t

ratSrhrerba?k“t=r r«o beLra
difficult to refute.
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2 Such models do not depend grucigljy upon behavior of 
water vapor In the 6-16 km region. The largest effect is 
well-known to be the tntai water vapor In the 
atmospheric column. Roughly 99% of that water vapor 
is below 6 km. Significantly, the atmospheric data show 
persistent moistening of the 5-10 km region when ^ 
convective systems are present and In the warmer times 
of the year. If these facts had gone the other way, the 
water vapor part of his hypothesis would have been 
credible, even though Its Impact on the total greenhouse 
opacity would be far less than he asserts.

3. It is true that current models do commit computational 
errors that are locally troubling. My own model is the 
result of considerable effoa to reduce those errors 
substantially. I see no evidence that correction o. such 
errors has any reasonable possibility of changing the 
model sensitivity to water vapor feedback in any 

significant way.
4.. 1 agree with him completely that we do not adequately

know the physical processes whch determine water 
vapor at these upper tropospheric levels. Agam. those 
uncertantles are far more likely to play a central role in 
the cloud-radlatlve feedback part of the climate 
sensitivity problem, than in the water vapor feedback

part.
I miKt note that Linzen's Inductive leap to infer that Mr. Wicker is urging 
"allegiance to the results of computational errors" is superb theater but a severe
distortion of current reality.
Finally, I confess a certain amazement that the political community has in effect, 
legitirriized Linzen's unscientific, untestable, unrefereed, and unpublished 
asser^ons In Washington, it seems that that "Lindzen Brain" model has equal 
credibility to that of the IPCC Report. Clearly, the greenhouse erfect is real, it 
wonrt go away by any combination of arguments or good luck, and the 
Tesnrt have I clL about how to deal with it. Nothing that either Dick Undzen or 
the dcomsayers say have any effect whatsoever on those realities,

Best regards,

-------------
Jerry"D- Mahiman, Director

c o d:
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October 7, 1991

Statement by:

ALAN K. BETTS
Atmospheric Research
RD2. Box 3300, Middlebury, VT 05753

Subject: 

1.

GLOBAL WARMING AND THE TROPICAL WATER BUDGET

Background
I was bom and educated in England, with a BA (and MA) in Natural Sciences (Throretic^ 
Physics) from the University of Cambridge in 1967, and a PhD
CoUege, of the University of London, in 1970. I caine to Department of Atoosphenc

inderendently For die past 13 years, I have lived and worked in Vertnont, supported by S^ts c^nSt? from the National Science Foundation and the National Aeronautics

and Space Administration.
Mv research has dealt with atmospheric convection and clouds; their desOT^on by 
observations and theory, and the representation of their energy and tt^^rts m glob^ 
models, both numerical weather prediction and clim^ m^. In^ 
concentrated on convecticn in the tropics, and I
Atmosoheric Research Progiam Atlantic Tropical Expenrnem m 1974^A^ getts, 1974, 
Houze'and Betts, 1978), as v. eh as a second VIMHEX ^rim^ m 
I was awarded the Richarison Prize of the Royal Meteorological S^ety in 1974, me 

•___iQ'7'7 anH a Award in 1978 bv the American Meteorological

Water vapour and me climate system
The earth’s climate system, which involves not only me atmosphere, but me o<rem 
and me biosphere, is exceedingly complex. As a residt of ^
^serving sy^m, and me development of computers fast enou^ to model me glood

ye^s.'^t om exti4^Se!^i^n

I wish to discuss me links in me chain between the known global increase f 
as CO., CH4 and me CFC’s, which are due to anthropogemc acnvity, and the 
temnerature water vapour and clouds in me tropics; which m turn primarily control me 
surface eauilibrium teSierature of toe earth. I wiU focus my discussion on water v^ur 
omers here will discuss m.e radiative effects of me clouds memselvw. Water vapom is the 
maio^ absorber in me infrared contributing to toe greenhouse effect U^e thc omer 
greenhouse gases, whose global concentrations are slowly increasmg because of anthropogemc
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acUvily, me concenm.-io„ of water vapour is
processes in clouds. Generally the water evaporates
the saturation vapour .i^ctly by incoming solar energy, rises in
primarily from the oceam, which are . condenses releasing the latent heat of
cumulonimbus clouds (thun^retorms). w vertical circulation and
condensation and freezmg. This ^hich flows out of these storms
balances the net inframdcoohrig of the picturesque anvils so
in the upper troi^sphere is . dystgrs of thunderstorms produce extensivecharacteristic of thundeistoims.. I? ^^te oTcS^^^^ SSe anvils, which arc often 400
anvil clouds, which arc readily jj^gy gjg maintained by dynamical,
mb thick, last for many hours, sometim their ice crystals evaporate, they are

tr 0? KSVa^ur iipi. »

disturbanceswhercmrsmks^itslowly^k^^v^^^^^^ rawinsonde
upper troposphere is aroim^ 30 ‘ stratospheric Aerosol
mws^ments b^oine ^ ^ ^gi^tive humidity (away froin deep
Snv=cSn?raSS VM% a, So The aunual variadon is small, wim higher values on

the summer side of the equator.

^ T .indzen’s argument

Sffselme effect of increases at low levels in their greenhouse effect

HU argument is . follows. “;f5Tde^c—S'in’t
mcreasins sec s^« rem^iSwrat the tmpopause falls, then the

SSr^rwsIfTme^d^uSwihhe^rm^^

between clouds will produce a drier upper poposphere.

^.t^ais^ (Bens, 1990).
73553gTiZl^Pper S, to mps. their highest
middle troposphere m the ^pics, about 550 ), clouds), so that the
outflow levels, most of this water is m , ^ relatively insignificant role

_ j_ Tc tprrmi^rntlire nS6S
Miiiaw ^ —

Lindzen’s model s^that, at any
in the h^P^cs, ZLTmnn increases signifiSuly. For thein the tropics, the troposphere as a whole is absolute mixing
given pressure, the saturanon ^ humidi^musOhereforc degease sisHficanfli (by
ratio to decrease at any leve., the rcim ^ ^^ -pj^g theoretical evidence is to the
12 - 15% for a 2»C rise m -^isSabaO rire smbHityrnf m=

- 2 -



the increase shown by global circulation models.

Clearly, we need better observations of water vapour in the tropical upper troposphere, but the 
evidence we have is consistent with a relatively tight coupling of water vapour to temperature 
in which the relative humidity changes rather little.

^ Conclusion
I have concentrated on the role of water vapour in the tropics on the greenhouse effect. It is 
probable that water vapour, because it is coupled thermodynamically to the temperature, will 
increase as the temperature of the troposphere increases. This coupling leads to an important 
amplification of the greenhouse effect, as is shown by both global climate models (e.g. Cess 
et al 1990) energy balance models (e.g. Betts and Ridgway, 1989) and observational studies 
(e.g. Raval and Ramanathan, 1989). The radiative role of clouds is more complex, and others 
here will discuss this in more detail

As a society we have many choices, but one basic dilemma concerning climate change. The 
waste products of our civilization are significantly modi^iing the atmosphere, making it more 
opaque to infrared radiation. The coupling of temperature and water vapour amplify Ms 
effect, while the effects of changes in cloudiness are more complex. Modelling studies 
suggest that a warming of the atmosphere of several degrees will result if present trends 
continue Because of the natural fluctuations of the climate system, it may be a decade or 
more before we can have confidence that the recent climate warming reflects a long-tenn 
trend. Because of the complexity of the earth system, our relatively simple models rm^t 
mislead us, but again the improvement of our models is a steady incremental process which
also takes decades.
If we wait a decade or two for increased certainty, the climate impact will be much larger, 
harder to reverse, and the impact on the earth’s natural ecosystem may be severe. ^ A wise 
society would take action now to reduce emissions to the atmosphere, in order to limit and 
delay the long-term impact on our climate. Much can be done at little incremental cost "nie 
scientific community can present the evidence, but political resolve and global co-ope^on 
are clearly needed. Changing the direction of our industnal society towards one which is 
more respectful of its impact on our global environment will take time, probably decades, even 
if we begin now.

References:
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the GATE. Bull. Amer. Meteor. Soc., ^ 304-313.
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Introduction
My name is Kevin Trenberth. I am the Head of the Climate Analysis Section and Deputy 

Director of the Climate and Global Dynamics Division NCAR, the Natmna C"i"r 
Atmospheric Research. In my work, I am especially interested m 8'“'’='-“''^ 
the observations, processes and modeling of climate changes from .nonthly to interannual to 
decadal time scales. I am from New Zealand and I believe that I have unique 
and expertise on the Southern Hemisphere and global atmospheric arculation. I was one of 

the instigators of the International Tropical Oceans Global
(under the World Climate Research Programme) and I have served in the U.S. and serve 
Lternationally on TOGA advisory panels. I have served on many National Academy of Science 
coZiHl, panels and/or boaTds. and I serve on the NOAA Climate and Global Change 

Advisory Panel. I have been involved in the global warming debate and the Intergovernmenta 

Panel on Climate Change (IPCC) scientific assessment activity.
With regard to the subject of clouds, I will first summarize the state of knowledge concerning 

basic water vapor observations in the atmosphere and briefly comment on the relevance of these 
observations to simulating climate with general circulation models. Water vapor 'h'^ 
important greenhouse gas in the atmosphere. It is fairly transparent to solar radiation bu

modulates the outgoing longwave radiation (OCR). Good “
throughout the troposphere, but not with global coverage. The cijmate models indicate that 
convective c:ouds play a vital role in moistening the upper troposphere.

A debatr has developed over the Ramanathan-Collins (1991) hypothesis concerning the role 
of clouds as a thermostat on the climate system. They suggested that in of h gh
sea surface temperatures, deep convection develops that produce clouds '''t
sun and thus limits further sea surface warming. However, there are examples 
not work, and the mechanism should not be applied locally because there are °
compensating effects. The hypothesis does not have general applicability and there othe

known limiting mechanisms.
A focus of the impacts of clouds on climate has been their radiative effects, 

concerned that the role of atmospheric flow in determining patterns of clouds 
overlooked. Recently, a very useful construct called "cloud forcing has been in roduced^ It 
deals with the radiative effects of clouds, and so can be divided into shortwave ^
forcing and longwave (infrared) cloud forcing. However, it often tends to ignore other aspec s 
of clouds, such as where the moisture comes from to form the clouds, why clouds occur where 

they do, why they have the form that they take, and the fact that 
latent heat is realized in the clouds, thereby heating the atmosphere. All 
that the atmospheric dynamics are critical in forming patterns of clouds^ At ™
the atmospheric flow is strongly affected by the radiative cloud forcing and the l.tent heat g^ 

As a result, there is a strong coupling between clouos, the atmospheric 
underlying surface of the ocean or land that can oniy be properly approached by =‘^1“ 
address these interactions. For example, TOGA is concerned with tropical 
coupling. Interannual variations in the climate system, which are also a subject of central 
interest to TOGA, have been used as an indication of what may happen in longer-term climate 
chaTge. However, clouds have not been a principle concern in the El Nino studies because they 

are of secondary importance in that phenomenon. This may not be the case in global change.



Atmospheric water vapor: What do we know? 

of a^^acklge rflnsTuTenrAln = balloon twice daily at many

use different instrumenls with differing accuracy and preaslon_ For

humidity In 1973 the housing of the radiosonde was changed and this affects the radiative 
and venfflation characteristics of the instrument, thereby changing the rMdings.
1989 a second manufacturer was added in the U.S. that currently supplies ^0 "es ern
U S stations However, problems with the new instrument continue. For example, the b 
pafnt?sld in the air in.aL to the instrument turned out to be hygroscopic (water attracting) 

Ld comparisons between radiosondes from the two manufacturers reveal differences.

There are some problems with the instrument. There is a time lag response in both 

temperature and relative humidity measurements. There '3',"'^Ve"

Tenter fNMC') interprets as 15% RH, while the National Climate Data Center uses 19ro. 
S r sco^ e^ T e actual sensor works fine but simply has no. had a calibration cuore 

suTpW Cvlrseas, fairly widespread use is now made of a Viisala radiosonde instrument that

measures low humidities.
Aside from the low humidity problems, the accuracy of the humidity sensor on the U.S^ 

A- ,4 let 4 to 7% RH fhieh end because of hysteresis effects). With uncertainties in

troposphere) and 20% from 500 to 300 mb (upper troposphere).

radius of 250 km at 1000 mb and 300 km in upper troposphere (Ulan, 1989). Thus there 

too few radiosonde measurements to determine global fields.

Another form of measurement of water vapor is from satellite sensing in the infrared and 

microwave These measurments have the advantage of global coverage, but at f
poor vertical resolution. Also, the retrieval algorithms make assumptions, and ‘ ‘
Sent algorithms The microwave results are sensitive to surface emiss.vity, so ^^at the 
method can only be applied over the ocean and the algorithms must remove the influence



surface wind. Comparisons be,»aan radiosonde and infrared (T0V5. the TIROS Operational 
Vertical Sounder) retrieval measurements indicate errors of 15/. in tropics, and 
Utkudes (biMcst errors where RH is small) (llUri, 1989). Recently, new nneasurements have 
b“n rlport “from the SAGE II instrument of RH from 6 to 12 km altitude at 1 km vertical

resolution are accurate to 10% (Rind et al., 1991).
Given the basic data, how do we get global fields of relative humidity analyses? The

method used is through a process called ^=‘VTmtrRH irtraV'ed by
like NMC and ECMWF. The analyses are univariate for RH, which means RH is y y
itself as a combination of measurements and information from the numeral weather predict
iI^det uL to provide a “hrst guess” as to what the held looks like.
forecast from the previous analysis and is subject to errors of perhaps 20/.. Global RH analyses 
have not compared well with obsenrations (lllari, 1989) and have chang^ erratically with_ ime 
as the numeriMi weather prediction model used in the data assimilation has changed, see Fig. 1 

(Trenberth and Olson, 1988). Use has been made of satellite data in rKent 
Lcause of low humidities in the upper troposphere there is no RH analysis above 300 mb

ECMWF.
In summary, reasonably good RH information is available from radiosondes, although 

information in the upper troposphere is mostly conhned to local
Mean values are better known than daily and monthly time series, and the evolution global 

fields is not well enough known for climate purposes.
Climate models have not been able to simulate observed moisture levels in the mid to 

upper troposphere without including effects of vertical transport 
clouds. Specifically, in developing the Community Climate Mode a
have found it necessary to include a convective parameterization that J,?* „
the upper troposphere. Any model convection scneme that rams out all the moisture in 
these cteuds and which does not detrain a fraction fails to come close to reproducing observ d 
mltur. concentrations (Fig. 2). The vertical moisture transport by convection is vital in 
forming the observed tropical moisture concentrations in the atmosphere which, in turn, has a 

strong greenhouse effect.

The Dynamics of Cloud Forcing

The cloud radiative forcing method for analyzing the effects of clouds on ‘l>e earth’s radi- 
ation budget was developed by Charlock and Ramanathan (1985)^ It contrasts the 
composLs for clear sky conditions with the totai observed, and the difference is a direc 
measure of the effects If clouds on the radiation balance of the earth. In ‘his «c.ion rt^is 

emphasized that these are not the only effects of clouds and that there are several issues linked

to cloud forcing.
Firstly, the tropical convective regions where opticaily thick upper level clouds occur require 

a supply of moisture, since precipitation exceeds evaporation in these regions.
Secondly, the latent heating from precipitation in the convective regions requires upward 

motion and an export of heat in the atmosphere. This heating helps drives large-scale over-



turning in the atmosphere.

B.C3US. atmospheric mass is conserved, the rising motion 
be balanced by rinking motion elsewhere. This can be seen by the ^
upper troposphere which changes with season (F«- 3)- The dornmant ^

constitute what is known as the Hadley (north-south) and Walker
scale overturning. In practice, the compensating sinking motion occurs over fairly warm water 

in the tropics and subtropics.
The largr^scale subsidence creates a strongly stable atmosphere ^

development and the vertical transport of free-atmospher. water vapor,
zones in the tropics, some of which have high sea surface temperature. This is where he 
top-of-the-atmosphere outgoing longwave radiation is largest and the absorbed solar radiation

at the surface is increased.
In view of the above, it is clear that an increase in shortwave cloud forcing 

house effect, due to increased water vapor, in one location in the 
compensating decrease in these factors someplace else in the tmpics. While it 
cloud forcing has one effect in convective areas, it has the opposite effect nearby 
regions are closely coupled through the atmospheric dynamics. Therefore 
should not be considered locally, but should be averaged over the regions coupled through the

dynamics (Hartmann and Michelsen, 1991).

Sea Surface Temperature (SST) controls in the tropics

Ramanathan and Collins (1991) proposed that optically thick clouds in *'°P'“
a thermostat in controlling high SST (above about 3VC). TJ-'y JyP°''’““'\hortwave 
regions, deep convection develops and creates such clouds that block out the ( 

cioud forcing") and thus limit further sea surface warming.

Discussion:
Several points relevant to this mechanism and its possible general applicability need to be 

made;
1) Locations of convective cloud do not depend solely on SST but also on SST gradients 
aid on land heating (land-sea contrasts and monsoons) from
on atmospheric dynamics (Trenberth, 1991). Consequently, spat|al P=‘.' m-v f^AMU987 
closely follow those of SST, see for example see Fig. 4. for March. April, M-y ( ) >

from Hartmann and Micheisen. 1991).

Over the Indian Ocean, where the influence of the Asian landmass Wwkh
regions of high SST (in MAM 1987 the highest, of over 31»C, Fig. 4) occur but otten w 
subsiding air aloft, so that the atmosphere becomes stable and suppresses convection.

Because regions of upward motion must be balanced by 7-"^f,^°.;”"”hm^wher‘i')' 
atmosphere, cloud and convection cannot occur everywhere (even if SST is hlgn y T 
Convection is organized by atmospheric dynamics into "convergence zones (see Fig. 5) ano 
monsoons: (cf. the Hadley and Walker Circulations, Fig. 3). The upward motions are concen-



UMd into small regions where there are collections of convective clouds, whereas the subs,d,ng 

motions are more gradual and widespread.
Because of the atmospheric dynamics involved in generating cloud from 

fmoisture supply export of heat, conservation of mass) an increase in shortwave cloud forci g 
L one ama mt'’be compensated by a decrease somewhere else, and radiative cloud forcing is 

inherently not a bcal problem, as noted above.
2) Ramanathan and Collins (1991) did not fully discuss the role of evaporation, thus

surface latent heat loss, as a further controlling mechanism^ In “^^om
dominant controlling mechanism for SST in the tropics, with increases in latent heat Iom from 

oil 10 W m-^ per »C change in SST. In the tropics, this partly arises simply from
the fact that warmer air can hold much more water vapor (the 1
But, in addition, in regions of convection, gusty winds and cooler <lr,er 8
enhance surface evaporation to twice this value (Moncrieff, 1990). Typical surface heat losse 

from evaporation in warm pool regions are 100 to 150 W m
3) Surface thermal radiation toward space also contributes significantly to controlling SST 
( igher SST, higher radiation) with a heat loss of ~ 6 W m'^ per «C increase in SST n t e 
iropical warm pools. Typical surface thermal radiative heat losses in warm pool regions

W m“^.

4) In general, when there are changes in SST, as in an El NiSo event, there are «'ong cor^- 
pensatfons between changes in shortwave cloud (Fig. 6) and longwave
(greenhouse) effecu. The increased cloudiness blocks the sun, but is more than compensated 
for by the increased greenhouse effect of increased water vapor plus the trapping of heat by 
the clouds. In regions'of higher SST convective cloud typically increases but in nearby regions 
there are decreases in convective cloud, so that opposite effects take place, .^he sum o^ 
changes in the two radiation components (short- and lon^ave) with changes SST indica 
heat increases of ~ 6 W m"2 per °C change in SST which virtually offsets the surface therma 
radiation effects (in 3)), so that the change in net radiation terms in the 
to zero. This is very robust over many areas in which there are increases and/or decreases

cloud (Hartmann and Michelsen, 1991).
5) It is likely, however, that the distribution in the vertical atmospheric column of the long^ and 
shortwave radiative heating is different. Changes in solar radiation are more apt to Se Jel a 

the surface, whereas the longwave heating is distributed throughout the
changes in cloudiness should have a direct effect on heating at the surface. Over the oceam 
tills can impact SSTs as suggested by Ramanathan and Collins, but the effect is comp ic 
by chlnge^iMh! ocean curSnts andlpwelling induced by changes in the atmospheric winus.

6) There is no good reason for a "magic" number such as 31“C for SST maxi^and 
higher SSTs could occur under global warming. There are good reasons why SpTs an
temperatures are fairly uniform over large areas of the ‘he ^
fairly well defined (Wallace, 1991). Wallace argues that the d.stnbu ion or SSTs in ‘‘°P'“ 
should be skewed to an absence of hot spots (i.e. large warm pools should form) because
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Fig 1 Latitude-time series fo, several quant,ties from the ECMWF WMO archive ^
are departures from the mean annual cycle from May 1985 to May 1989 of the relati 
humidity at 850 and 700 mb, in %. Most changes seen here are spurious and associated

with changes in the data assimiiation system.
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Flj. 2 The vertical profile of specific humidity at j7aVgiven by plus and minus
* the tropical west Pacific. The LTr'adiosondes a' the island for

one Standard deviation) of month y mea i-parithmic and water vapor amounts (m
the month of July. Note the horitonta ^ale i 6 i
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?he result for the monthly mean from a simul non - I-

in which a mass flux convection The dashed profile is
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-h .0 reduced

greenhouse effect. (Courtesy J. Hack, NCAK).
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Sea Surface Temperature 
MAM 1987
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3unac: temperature ("C) and b) ahorterave cloud forcinj (W m'^) for March-May 
l.sr mapped on a Hammer equal area projection. The originals are in color and the 
(199™'’ ” <•'' tropica. From Hartmann and Michelsen
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Mercalor Satellite Relative Cloud Cover, 1400 Local, 40*N to 40-S,Mean Octas, October 1W-1970.

Fig. 5 a) Mercator satellite picture of cloud cover 40°N to 40'’S for October 1967 to 1970: and 
b) pictorial representation of the key features in a) showing the intertropical Convergence 
Zone (ITCZ) and South Pacific Convergence Zone (SPCZ), with the annual mean sea 
levei pressure field superposed along with schematic surface wind streamlines.
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MAM 1987-1985

'^>.y ' 
/

NO DATA -2 0 -1 5 -1.0 -0.5 0.0

Shortwave Cloud Forcing 
MAM 1987-1985

W/m'*2

NO DATA-100 -80 100

Fig. 6 a) Sea surface temperature (°C) and b) shortwave cloud forcing (W m“^) differences 
between March-May 1987 — 1985 mapped on a Hammer equal area projection. The 
originals are in color. From Hartmann and Michelsen (1991).



LETTERS TO NATURE I U
j

r"';- 
' -L- 11 m

Positive water vapour feedback 

in climate models confirmed by 

satellite data
D. Rind*, E.-W, Chiout, W. Chut, J. Lar$ent, 
S. Oltmanst, J. Lerner*, M, R. McCormIckt 
& L. McMastert

•NASA/Goddard Institute for Space Studies, New Yorx 
New York 10025. USA
t NASA/Langley Research Center. Hamptan. Virginia 23665-5225, USA 
t NOAA CMDL, Boulder. Colorado, 80302, USA

Chief among the mcchanism.s thought to amplify the global 
climate respoDse to increased concentratious of trace gases is the 
atmospheric water vapour feedback. As the oceans and atmosphere 
warm, there is increased evaporation, and it has been geoeraliy 
thought that the additional moisture then adds to the greenhouse 
effect by trapping more infrared radiation. Recently, it has been 
suggested that general circulation models used for evaluating 
climate change overestimate this response, and that increased 
convection in a warmer climate would actually dry the middle and 
upper troposphere by tneaus of associated compensatory sub­
sidence .We use some new satellite-generated water vapour data 
to investigate this question, rrom a comparison ofsiTmmer and 
winter moisture values in regions of the middle and upper tropo­
sphere that have previously been difficult to observe with confidence, 
we find that, as the hemispheres warm, increased convection leads 
to increased water vapour above 500 mbarTnapprSxTmliE4i35IS«. 
tilt KgrcCmeni with fte results Irom current climate models. The 
same conclusion Is reached by comparing the tropical western and 
eastern Pacific regions. Thus, we conclude that the water vapour 
feedback is not overestimated in models and should amplify the 
^matc response to increased trace-gas concentrations. "

Studies with the Goddard Institute for Space Studies (GISS)
‘HAFftl F>irr>1l}4fvnn _r*»general circulation model (GCM) show that, of the 4.2 “C warm­

ing that results from doubling atmospheric COj, ~1,7*C is 
the increase in water vapour^ In this regard..iiK-icisc 111 water vapour. in inis regard, Lindzen^believes that the increased convection associated with

Ihe prbjected warming would act to dry the middle and upper 
troposphere.' In his hypothesis, air ri.sing in cumuTus^cdnvective" 
towera wdura~coor yrt'd-jatmrerproau^ raiZwffichw^

fall out of the column. To balance the upward air-mass flux, 
there would have to be compensating downward motion, or 
subsidence^ which would dry the atmosphere above ~5 km. 
thereby leading to a negative water vanour feedback.

In the vicinity of warmer sea surface temperatures, there will 
be greater convection, indeedyja'teliiteldbservaiiQns have been 
used to verify that the greenhouse effect is larger over warmer 
ocean regions’, suggesting that a positive feedback arises from 
increased convection. Here we address the question more 
directly by using .satellite-derived water vapour obsei'vations'to 
test the water vapour response to increased convection in regions 
of the middle and upper troposphere that have previously been 
difficult to observe with other methods,

file water vapour data set has been generated by the SAGE II 
(Stratospheric Aerosol and Qas Experiment) instrument aboard 
the Earth Radiation Budget Satellite-* (ERBS), SAGE II has 
been collecting data continuously since its launch in October 
1984, It is a solar occultation instrument mea.suring attenuated 

, sunlight through the Eanh's limb with a path length of -^200 km 
and a venical resolution of 1km, Each sunrise and sunset 
experienced by the spacecraft results in a solar occultation 
measurement yielding -900 opportunities to retrieve ga.s- 
concentration profiles. The path length is small enough to isolate 
individual areas, but large enough to encompass most of the 
observed vertical motions associated with COnveccion*“. Water 
vapour is retrieved by determining the extinction of the solar 
signal at 0.94 pm. The instrument is self-calibrating as it observes 
the unattenuated sun above the atmosphere before or after each 
event. The water vapour observations have been validated by 
comparison with radiosonde data, frost point hygrometer, 
Lyman-a and LIMS satellite observations’, and have been 
shown to produce realistic values, with an estimated accuracy 
of-10%.

We compared the relative humidity calculated using the 
SAGE II water vapour data with that calculated using radio­
sonde observations with the Vaisala water vapour sensor, an 
instrument now in widespread use. The temperature data needed 
for the SAGE relative humidity calculations were provided by 
the National Weather Service of the National Oceanographic 
and Atmospheric Administration. The estimated radiosonde 
sensor accuracy is 2-3%, but thLs value becomes more uncertain 
with increasing altitude'’. A Comparison was made whenever the 
satellite and in jitu measurements were within 250 km and 6 h 
during 1987.

FIG. 1 Change in water vapour between July and 
January from SAGE II ooservations for January 
19S5 to July 1989,

500

Al Water vapour (p.p.m.v.) SAGE II July-January

ir~\ /

Latitude (de^
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RG. 2 Detail of a clinopyroxene microkrystite 
from the K/T boundary of DSDP site 577. The 
mafic glass between the pyroxene has been 
etched away by sea water. Similar forms are 
seen in all other known altered microloystites.
siderophile (‘iron-loving') elements, asso­
ciated with Soiar System objects. Models 
of the dispersion of ejecta clouds also 
indicate that much of the high-energy 
material should be deposited on the other 
side of the globe from the impact. This 
explains the high levels of iridium and 
shocked quartz found in the Southern 
Pacific (at DSDP site 5%; F. T. Kyte, 
University of California at Los Angeles), 
in New ^aland and on the Kerguelen 
Plateau (ODP site 738c), if North Amer­
ica was the site of the impact.

Identifying the impact site, whether it is 
Chicxulub or not, is not the same as 
unravelling the mechanism that actually 
caused the extinctions. The original 
simple picture — a suppression of photo­
synthesis resulting from a darkening of the 
skies by ejecta — has been supplanted by a 
plethora of complex schemes. Oblique 
impacts may be more efficient in transfer­
ring a larger proportion of the impact 
energy to the atmosphere than vertical 
collisions (P. H. Schultz, Brown Univer­
sity, Rhode Island), and fast ejecta re­
entering the atmosphere may radiate off 
their energy and ignite global wildfires 
(Melosh). Shock heating of the atmo­
sphere may lead to NO, production, and 
thus to acid rain. Trapped natural gas 
(clathrates). principally methane, may 
have been released in large volumes, fol­
lowing disruption of submarine sediments 
(M. Max. Naval Research Lab. Washing­
ton DC). This would contribute to a 
greenhouse atmosphere, as would the 
release' of 10" moles of CO. through 
impact with carbonate rocks as found at 
Yucatan. Carbon and oxygen isotope data 
from southern Spain suggest a nse in sea 
surface temperatures of at least 8 °C. Iden­
tifying the impact site may help to tie 
down the details of the extinction. □

1. Sigurdsson. H. eta/. Hature3A9. 482 - 487 (19911
2. Sheenan. P M etal. Geo/. Soc. Am. Atjs Prog A. 356 (1990)

3. Grieve. R.A.F. Nature^. 428-429(1989)
4. Hildeftrana. A. R. A Boynton. W. V Sc/ence 248. 

843-847 (1990)
5 (Officer. C. B. etai. Nature 32S. 143- 14911987)
6 Ross. I R etal TectonoonvsicslSS 139-168(1988
7 Sma.j GeoiogieMiino 187-204(1990
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Robert D. Cess

Positive about water feedback

Jan Smit Is at the Institute of Earth Sciences. 
Free University, PO Box 7161. 1007 MC 
Amsterdam. The Netherlands.

iNTtRACII^b twdback mechanisms con­
stitute the greatest uncertainty in project­
ing future climate change associated with 
increasing greenhouse gases. The change 
can be cither amplified (positive feed­
back) or reduced (negative feedback). 
One mechanism, involving water vapour, 
has long been regarded as being positive', 
but recently it was suggested' that it is 
instead negative_J3n-page 500 of this 
issue', howevei/^ncietjfi. present com­
bined observa'tiGnaJ—atfd model results 
which are strongly supportive of the con­
ventional interpretation that water vapour 
indeed provides positive feedback.

The customary explanation of water- 
vapour feedback is that if the Earth were 
to warm, for example as the result of 
increasing greenhouse gases, then (owing 
to increased evaporation) the warmer 
atmosphere should contain more water 
vapour which, itself a greenhouse gas, 
would amplify the warming. The most 
straightforward way of studying this spe­
cific feedback is to restrict attention to 
clear-sky conditions, so as to eliminate the 
multitude of complexities associated with 
the additional feedback due to clouds, for 
which the sign is in doubt'. Even with this 
restriction, in ail likelihood water-vapour 
feedback also includes climate-induced 
changes in atmospheric lapse rate', the 
temperature drop with altitude, although 
little effort has been made at separating 
this from feedback due solely to water 
vapour. It is emphasized that lapse-rate 
feedback is implicit in what is commonly 
referred to as water-vapour^ecdback.

To place the study by^KuyLft ul.' in 
perspective, it is useful torcview recent 
developments in our understanding of 
water-vapour feedback. A comparison 
last year' of the global-warming simula­
tions fronTT^eneral circulation models 
(GCMs) or-fne atmosphere. (oiuyLexcsj- 
lent ngreement_among their depictions of 
positive water-vapour feedback. This is 
significant with respect to the issue

in^HT^val and Ramanathan" used measure-

addressed by Lindzen and by Rind et al. : 
namely, does the increased convection 
expected in a warmer climate produce 
positive or negative water-vapour feed- 
backv\Lincl7en «Icontention is that convec­
tion will cause water-vapour feedback to 
be negative, because sinking air in regions 
surrounding deep cumulus clouds will 
dry the upper troposphere. The point is 
that the 19 GCMs used severaTverv dif-
ferept p.^^J^m^^rpri7^t.ions of ron.vection. 
so that, their agreement over water-
vapour feedh.ark is nor an artefact of this 
parameterization.
*Tn an observational evaluation of

ments over different oceanic locations as a • 
surrogate for global climate change; their . 
results concur well with the 19 GCMs’.
One could, of course, argue that for this 
purpose a change of location is not a 
proper surrogate for a change of global 
climate, and that the agreement is coinci-(^ 
dental. A recent study, however, makes 
this unlikely. A.D. Del Genio and\|s)€^ 
coworkers (private communication),^ . 
using the same GCM as Rind et al. \ pre- 
diet correctly the changes in radiative 
fluxes with geographical location 
observed by Raval and Ramanathan. 
Funhermore, their model is one of the 19^ 
used in the GCM intercomparison', j- 
that it is producing comparable water- 
vapour feedback for both geographical 
and global rlipiafe change, suggesting that 
^fianged locaii^. at least"tor interring

(A

'Hi'

water-vapour feedback, is a useful surrog-
ateWglobal change.

'Still, one might argue that this agree­
ment also is merely a model artefact. But 
the new contribution by Rind et al. to our 
overall picture of positive water-vapour 
feedback wouldn't support this. The 
authors first demonstrate that for CO.- 
induced global warming, their model pre­
dicts an increase in the amount of water 
vapour in the middle and upper tropio- 
sphere; this should be expected for a 
GCM that produces positive water- 
vapour feedback. Their next step is the 
important oneStTo validate their model,1 
they consider trteTeffect ot seasonal cii- 
mate changes on middle- and upper-
tropospheric water-vapour content, and 
show, through comparison with satcllitc- 
ggherated data, that the GCM produe'es
realistic results. This reinforces our con-
fidence that the GCM is also producing 
realistic predictions for the feedback for 
the CO.-induced warming. It is important 
to recognize that, in this context, seasonal 
climate change is used as a validation tool 
rather than as a surrogate for climate 
change.

Nevertheless, one can argue that this 
validation constitutes only a necessary, 
but not a sufficient, test of the GCM. Rind 
et al. . however, provide a further and 
intriguing comparison which specifically 
addresses the effect of enhanced convec­
tion on middle- and upper-tropospheric 
water-vapour levels. They do this by com-

water-vapour feedback based on satelfitT'> uisnessi
infrared and surface-temperature 'data. ’

1. Manabe.S iWemerald. R T j aimos Sc/ 24.241-259 
(19671.

2 Und:en RS Bull. Am Met Soc 71. 288-29911990)
3 Rind.O. tffal /Vafure349. 500-503 il991l
4 Cess. R.D. etal J. geoooys Res 95 16601-16615 

11990)

5. Wethcraid RT A ManaDe. $. J atmos Sci 45

Raval A A Ramanathan V Nature 3A2 758(1989) 
7 Cess. RD Varure342. 736- 737 (1989)
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parini’ sntellite data for atmospheric mois­
ture over the convective western Pacific 
with thaT ovef Iht! larnelV nori-convecnve 
piisietTi Paciiic. I'hc data cleariy <;hnw that 

‘convectio7T~~moisteni; the micuie- and 
UDPer-troposphere over the westerp 
PTTcitic relative to the eastern Pacific. This
runs right against l^ind7en's argument'
yhat c^vection drvs the atmosphere.
“As with the other comparisons dis­

cussed in this anicle, one can probably 
add a caveat to the trans-Pacific compari­
son. But it is difficult to believe that the 
agreements found in all of these compari­
sons are collectively coincidental. Instead
RNA SPLICING --------------------------

they collectively\make a compelling cas^ 
that water-vapour constitutes a positive 
feedback mechanism, although as pre­
viously discussed there is a need to under­
stand better the lapse-rate component of 
this feedback. Nor does this imply that we 

'necessarily understand other feedback 
mechanisms. Cloud feedback is a prime 
e.xample of a crucial feedback that is 
poorly understood'. □

Robert 0. Cess is in the institute for Terrestrial 
and Planetary Atmospheres. State University 
of New York. Stony Brook. New York 11794. 
USA.

Alive with DEAD proteins
David A. Wassarman and Joan A. Steitz

It has been known for many years that 
splicing of nuclear pre-messenger RNA 
(pre-mRNA) requires ATP hydrolysis. 
Yet the phosphates of ATP are incor­
porated into neither the intermediates nor 
the products of the splicing reaction, from 
which it would seem that the catalytic 
meciianism itself is independent of ATP 
— as is the case for the self-splicing of 
group II introns. which proceeds by way of 
identical reaction intermediates'. Instead, 
it has seemed likely that ATP facilitates 
the assembly of myriad trans-acting 
factors onto the pre-mRNA as a pre­
requisite to splicing. The resulting ‘splice- 
osome’ is known to include four distinct 
small RNA-protein complexes, as well as 
several less well characterized protein 
factors.

Evidence
Many lines of evidence have hinted at 
dynamic transitions as the spliceosome 
proceeds through the reaction pathway, 
ultimately releasing ligated exons and 
excised intron. On pages 494 and 487 of 
this issue, Schwer and Guthrie' and Com­
pany et a/.' describe the characterization 
of two essential splicing factors from the 
yeast Saccharomyces cerevisiae as mem­
bers of a family that includes RNA heli- 
cases and RNA-dependent ATPases; the 
factors concerned are PRP16 and PRP22, 
PRP standing for precursor RN A process­
ing. Finding ATP-driven switch proteins 
not only sheds light on splicing's ATP 
requirement but also promises insights 
into the pathway, mechanism and fidelity 
of the process.

Yeast genetics has been exploited to 
identify over 20 proteins which contribute 
directly to pre-mRNA splicing'. Some are 
integral components of the small nuclear 
nbonucleoprotein panicles (snRNPs, 
which contain Ul, U2, U4/U6 and U5 
RNAs); others (designated 'factors') can 
be identified only in the spliceosome. 
PRP16 is a factor required in vitro for the
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second cleavage-ligation step of the 
splicing reaction (see figure). Schwer and 
Guthrie’ show that stalled spliceosomes 
pre-formed in a PRP16 immunodepleted 
extract can be complemented with the 
purified protein and ATP to yield mature 
mRNA; PRP 16 then dissociates from the 
spliceosome. PRP22 acts at a late step, 
release of the spliced mRNA, one that 
might have not been expected to require 
a factor. In a heat-inactivated PRP22 
extract in vitro. Company et al.' find that 
the mature messenger is retained in the 
spliceosome.

Sequence analysis of PRP 16 and PRP22 
— as well as of three other yeast splicing

L«]U5

PRP2

ATP {V*.
C6 SutI usTus

PRP16

PRP22

lariat-intron mRNA

factors, PRP2 (ref. 5). PRP5 (ref. 4) 
and PRP28 (ref. 6) — shows that they are 
related to a rapidly expanding family 
dubbed the 'DEAD box' proteins' 
(DEAD standing for Asp-Glu-Ala-Asp in 
the single-letter amino-acid code). Gene 
products containing the DEAD motif plus 
six other shared sequence segments come 
from the whole range of organisms and 
are implicated in a variety of cellular 
processes (see table). Among the seven 
conserved regions are two that make up 
part of the ATP-binding site in proteins 
whose structure is known. The eukaryotic 
protein synthesis initiation factor eIF4A 
is the prototype’ and the member of the 
DEAD-box family that is the best charac­
terized biochemically'. In combination 
with other initiation factors, it is believed 
to use the energy generated from ATP 
hydrolysis to unwind mRNA secondary 
structure upstream of the initiation 
codon, thereby facilitating attachment 
of the 40S ribosome. It should be noted 
that this unwinding is not of the irrevers­
ible type accomplished by covalent base 
modification, as described for some 
RNA helicase activities'. Only two 
other members of the DEAD-box family, 
human p68 (ref. 10) and Escherichia 
coli SrmB (ref. 11). have been bio­
chemically examined and shown to exhibit 
RNA-dependent ATPase activity (and 
helicase activity in the case of p68).

As the roster of related proteins 
grows, the story becomes more complex. 
In fact, PRP2, 16 and 22 are not literally 
DEAD-box proteins, but 'DEAH-box.' 

proteins (H for His). They also 
share several other sequence features 
that distinguish them as a novel 
subclass of the family. In an 
age when attributing function to a 
protein based merely on sequence 
similarity raises few eyebrows, it is 
particularly gratifying that the bio­
chemical activity of PRP16 has been 
investigated. Schwer and Guthrie' 
isolated the protein and directly 
demonstrated its ability to hydro­
lyse ATP in the presence of 
RNA. Whether helicase activity will 
be found remains to be seen. 
Admittedly, doing decisive bio­
chemistry on most of the proteins 
listed in the table is not easy because 
their exact RNA substrates are 
unknown.

Speculation
Nonetheless, we can speculate on 
how a variety of RNA helicases or 
RNA-dependent ATPases might 
feed into the splicing pathway. StepsThe roles of DEAD and DEAH proteins in pre-mRNA 

splicing. The branch point is indicated by •: shading "'rrentiy "known’ to° Require' factors 
of the Ul and U4 snRNPs indicates weak interact^ns J
with the spliceosome. Note that it is uncertain . = . , . ;whether ATP hydrolysis facilitates assembly or disso- figure. Additional yeast proteins 
ciation (or both) of the U4AJ6and U5 snRNPs. A more possessing signature sequences of the 
complete model and description of pre-mRNA splicing DEAD (ref. 12) or DEAH (ref. 3) 
in yeast can be foutHj in ref. 4 types have already been identified
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To: Al
Rl°”^*Lindzin rebuttal to Tom Wicker's piece in the Times 

Date: 11-14-91

I have a copy of a letter that Lindzen has written to the Times 
in T-fisoonse to Tom Wicker's piece of 24 October. Lindzen repeats his cllim in the letter that "My hypothesis has been ^^at water vapor, 
at altitudes of 6-16 km, might very well decrease in a 
and act to effectively cancel warming due to incpasing greenhouse 
gases. Such an effect would constitute what is known as a negative 
feedback." Lindzen admits that he withdrew his suggested mechanism 
for accomplishing this — namely that "deep clouds rise to__
greater heights and deliver less water vapor to the 
insists, however, that the bottom line that we will see decreased 
water vapor in a warmer climate is still correct. The new the ^ 
that he offers is that "a similar negative feedback would arise if 
deep clouds produced more ice in a colder climate and less ice in 
warmer climate." Evidence produced at the hearing and subsequent 
personal communications I have had with scientists completely refute 
this idea. Indeed, the best Lindzen can do is to say that it is 
not implausible possibility."

To get at the heart of Lindzen's argument-------- Is there less
water vapor in the atmosphere (either from deep clouds or the new 
reduced ice theory) as the planet warms? The experts say no and so
does the data.

THE EXPERTS:
o Allen Betts' testimony: "Lindzen argues that the

cumulonimbus outflow will therefore injuect drier air the highest 
outflow level; and thne the subsidence of this d^ air between clouds 
will produce a drier upper troposphere. This idea is wrong,....
Lindzen's model were right, the present upper "°Vivel in
very dry. In fact, the relative humidity near the freezing level in 
the deep tropics is about 40%." Betts then continues with further 
refutation of the idea: "Lindzen's model is implausible on more
general grounds...."

o Kevin Trenberth's testimony; "Any model convection scheme 
riike Lindzen's] that 'rains out' all the moisture in these clouds ... 
fails to come close to reproducing observed moisture concentration^. 
The vertical moisture transport by convection is vital foxing the 
observed tropical moisture concentrations in the atmosphere which, 
turn, has a strong greenhouse effect."

THE DATA:



Recall that Lindzen has absolutely no data to support his 
theories. His ideas are merely "thought experiments." The problem is 
that the "real world" data is directly contrary to his hypotheses.

o The models: Robert Cess: "A comparison last year of the 
global warming simulations from 19 general circulation models (GCMs) 
of the atmosphere found excellent agreement among their depictions or 
Dositive water vapor feedback. This is significant with_respect to ^
the issue addressed by Lindzen------The point is that the 19b GCMs used
several very different parameterizations of convection so that their 
agreement over water vapour feedback is not an artefact of this 
parameterization."

o Satellites and Sea Surface Temps:
o Raval and Ramanathian used satellite and 

sea surface temperements over different oceanic locations as a 
surrogate for global climate change; their results confirm the GCM 
predictions.

o Del Genio used satellite data to compare 
water vapor over different geographical locations. Results; wainner 
geographical regions have more moisture in the troposphere than colder 

regions.
o David Rind used satellite data to compare 

the effect of seasonal climate changes and geographical changes on 
middle and upper tropospheric water vapour content. Results; . ^ ,
confirmed the positive feedback predicted by their models and refuted 
Lindzen. "Increased convection leads to increased water vapour ... in 
approximate quantitative agreement with the results from current 
climate models. The same conclusion is reached by comparing the 
tropical western and eastern Pacific regions."

Lindzen raises an additional argument is his letter._ Namely -- 
that "In current models, the behavior of water vapor in this altitude 
range (6-16 km) is largely determined by identifiable computational 
errors." On this, Lindzen is again, dead wrong.

First, as indicated above, actual measurements of water vapor in 
the troposphere indicate that the models are right on on this.

Second, Lindzen is NOT a modeler, and this statement 
demonstrates that he is out of touch with the science. The expert on 
this is Philip Rasch at NCAR. I spoke to him today and he indicated 
that, while it was once true that the models did not do a good job 
simulating the effect of water vapor in a greenhouse enviroiment, 
three years ago he and his colleague David Williamson, developed a new 
computational system that corrected the earlier problems. This is the 
system that models in the United States and in Europe use; the 
accuracy of the new system is validated by the satellite measurements



of the actual role of water vapor. Rasch has published profusely on 
this — obviously, Lindzen is simply out of touch. (Note Jerry 
Mahlman's note on this point, too. He also has worked to remove water 
vapor errors from his model — local errors may persist, but even 
then, Jerry says that "I see no evidence that correction of such 
errors has any reasonable possibility of changing the model 
sensitivity to water vapor feedback in any significant way.")

OFF THE RECORD: Jerry Mahlman is a member of the Global Change
Research Committee at the National Academy. He confided in me that 
the Academy is deeply troubled by the negative impact Lindzen is 
having on the Academy's credibility. The Academy has 2 members that 
are experts on climate — Dickinson and Manabe. Lindzen has no 
expertise in climate (his background is atmospheric dynamics). The 
Academy had a meeting on this recently where concern was expressed 
that Lindzen was jeopardizing the Academy's ranking in the world 
scientific research community on the issue of climate change. 
International groups such as the IPCC are the authorities; the^ 
Academy's work has been marginalized. The Academy is considering 
doing a position paper to set the record straight on this and to make 
clear the Lindzen does NOT speak for the Academy on this.
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Lett«r« to the Editor 
.The NowvYork Timw 
2i9 West 43d Street 
New York, NY 10036

To the Editor;

Tom Wicker, in his Op-Ed piece, TimJbrAalon (NYT, October,24, 1991) refers to 
my having ^"withdrawn" the oomplea hypothesis that was an important eletpeot of his 
al^pticism.* His reference is profoundly misleading and completely out of context. His 
conclusion that my ‘changed position’ seems to ‘Justify a heightened urgency in responding to 
threatening atmospheric developments* Is totally unwanantcd. My hypothesis has been that 
water vapor, at altitudes of 6-16 kni, might well decrease in a warmer climate, and act 
to effectively cancel warming due to increasing greenhouse gases. Such an effect would 
oofistitute what is known as a negative feedback. I have had no reason to alter this 
hypothesis. Two years ago, I offered as an example of a mechanism that would be consistent 
\^th this hypothesis, the fact that in a warmer environment, deep clouds might rise to greater 
heights and deliver less water vapor to the environment. While this mechanism is, 
qualitatively correct, my colleagues and I found early this year that the mechanism was 
quantitatively Inadequate. This did not (and does not) overly concern us since there are odw 
imachanisms that are potentially more effective. For example, a similar negative feedback 
would arise if deep clouds produced more ice in a colder climate and less ice in a warmer 
climate •• a not Implausible possibility,

Theae seemingly arcane matters were not, however, at the heart of my testimony 
before Senator Gore. The main points I made in my testimony were: 1) No current model 
would predict large warming without strong positive feedback from water vapor; 2) Such 
feedbacks depend crucially on the t^avior ctf water vapor in the altitude range 6-16 km;-,3) 
In current models, the behavior of va^ in this altitude range Is largely dwermin<^' by 
iditttifiabie compiaational errors\ and 4) Even if these computational errors were corrected, 
wo do not adequately know the physlciil processes which do determine water vapor at these 
levels. It is my personal feeling that cpmp>utatipnal errors hardly constitute .a sound basis for 
economically profound policy. This may be considered by some to be a political position, 1 
hope, however, that 1 may be forgiven, as a scientist, for feeling that the alternative politics, 
which lead Mr. Wicker to urge allegiance to the results of computational errors, to be both 
peculiar and deeply worrisome.

Richard S. LiNDZBN 
Cambridge, MA, Oct. 24, 1991

Tne writer isAljfttd P, Sloan Profissor of Meteorology, MossachusetTs Institute of 
Technology,

Address: Building 54 Room 1720, Massachusetts Institute of Technology 
Cambridge, MA 02139
Phones: office: 617-253-2432 home: 617-332-4342 fax: 617-964-3953
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ABSTRACT

Spectral differences in the extinction between the 10.8 and 12.6 jtm bands of the infrared window region, 
due to optically thin clouds, are observed in the measurements made by a broad-band infrared aircraft radiometer.
Similar spectral properties are also revealed by the measurements made by the high-resolution infrared inter­
ferometer spectrometer (IRIS) aboard the Nimbus-4 satellite, which had a field of view of ~95 km. These 
observations show that the extinction due to cloud particles at 12.6 /tm is appreciably laiger than that at 10.8 
pin. Both water or ice particles in the clouds can account for such spectral difference in extinction provided 
that the particles are smaller than the wavelength of radiation. This spectral effect is demonstrated with the help 
of multiple scattering radiative transfer calculations. As the IRIS data reveal this spectral feature, about 100 to 
200 km away from the center of high altitude cold clouds (~230 K), it is inferred that this feature is related to 
the spreading of cirrus clouds. Based on this hypothesis, we have deduced mean seasonal maps of the distribution 
of thin cirrus clouds over the oceans from 50°N to 50'S from the IRIS data. These maps reveal that, over the 
oceans, such clouds are often present over the convectively active areas such as ITCZ, SPCZ, and the Bay of 
Bengal. These results have application to studies of earth radiation balance and climate.

1. Introduction

Over the tropical oceans, cirrus clouds in the at­
mosphere are largely produced by convectively active 
rain cells that penetrate deep into the troposphere. The 
cirrus anvils or shields associated with such convective 
cells in the upper troposphere extend over a wide area. 
The ice crysUds in such clouds have a lifetime of several 
hours and can spread by diffusion and advection over 
distances of a few hundred kilometers. Persistent cirrus 
cloud layers are known to exist over large regions of 
the globe (Appleman, 1961; Welch et al., 1980) ranging 
from thin wisps to a few kilometers in thickness. These 
cirrus clouds can significantly affect the radiation bal­
ance of the earth-atmosphere system and can thus play 
an important role in the climate of the earth (e.g., Platt, 
1981; Liou, 1986). Moreover, since these clouds can 
spread into thin semitransparent layers, they can lead 
to significant errors in remote sensing investigations of 
surface and atmospheric properties.

Satellites can be used to obtain the global distribution 
of cirrus clouds. Barton (1983) deduced the frequency 
of occurrence of high-level clouds globally with the help

* Present affiliation: C.N.R., Institute di Fisica dell’ Atmosfera, 
Rome, Italy.

^ Present affiliation: NASA Headquarters, Washington D.C.

Corresponding author address: Dr. C. Prabhakara, Code 613, Cli­
mate & Radiation Branch, Laboratory for Atmospheres, Goddard 
Space night Center, Greenbelt, MD 20771.

of the near-infrared reflected solar radiation measure­
ments around 2.7 ptm made by the Selective Chopper 
Radiometer (SCR) on Nimbus-5 satellite. These high- 
level clouds in the upper troposphere were inferred to 
be cirrus clouds. Global distribution of high clouds, 
considered to be cirrus clouds, was also derived from 
extinction measurements of visible radiation made 
by the Stratospheric Aerosol and Gas Experiment 
(Woodbury and McCormick, 1986).

Over the tropical oceans the spectral signature in­
dicating a stronger extinction near 12.6 /tm, as com­
pared to that close to 10.8 urn, was observed in the 
data obtained by an Infrared Interferometer Spec­
trometer (IRIS), having a field of view of ~95 km, on 
board the Nimbus-4 satellite (Hanel et al., 1972; Cur­
ran, 1972). Such data are observed about 100 to 200 
km away from the center of thick cold high-altitude 
clouds. The brightness temperature, near 11 Mm, of 
such cold clouds was quite often less than 230 K. The 
ice particles at the top of such cold clouds could spread 
into thin cirrus layers. In the subtropical subsidence 
oceanic regions, where primarily low-level warmer 
clouds occur, this spectral signature is not noticed. In- 
oue (1985) pointed out the spectral signature described 
above in the NOAA-7 AVHRR data at 11 and 12 /tm 
and attributed it to ice crystals in cirrus clouds.

Recent aircraft measurements made by a scanning 
multichannel radiometer, the Ocean Temperature 
Scanner (OTS), revealed the same spectral property 
while flying over thin edges of low-level clouds during 
a cold air outbreak in winter over the Atlantic Ocean 
near Wallops Island.
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Fig. la. Visible image (12 km X 7 km) ofclouds over the Atlantic Ocean near37°N, 73°Won I4(X)EST 16January 
1983. Aircraft flight path is from top to bottom along the middle of the image and radiometer scans left to right. The 
sun is in the south which corresponds to the left of the image. The small inset at the top (~1600 m X 600 m) of the 
figure is examined in detail in Figs. 3a. b, c.
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Fig. lb. Infrared image corresponding to Fig. la in the 10.8 ;im channel. The small 
inset at the top is the same as Fig. la.
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Fig. 2. Vertical soundings of tempierature and relative humidity near 37°N nad 73°W on 16 January 1983.

In order to explain the spectral characteristics of two wavelength bands at 10.8 and 12.6 ^m. As both 
these clouds, the volume and, hence, the mass extinc- the water and ice particles show similar spectral de- 
tion and scattering coefficients of the water and ice pendence of extinction, this optical effect could be ex­
particles, as a function of size, are calculated for the plained by either water or ice particles as long as the



Fig. 3a. The 10.8 urn brightness temperature distribution in the area corresponding to the inset shown in Fig. la.
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Fig. 3b. As in Fig. 3a but for the visible renectivity.
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Fig. 3c. As in Fig. 3a but for the brightness temperature difference A7'f=7'io.« - 7',2.6)-
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Fig. 4a. Brightness temperature difference, AT, vs T,o.g along the two cross sections (dashed lines) shown in Figs. 3a, c. 
Two symbols distinguish the data from two cross sections.

size is smaller than the wavelength of radiation. In the 
present study, we are demonstrating this spectral fea­
ture with the help of radiative transfer calculations to 
simulate the upwelling brightness temperature at 10.8 
and 12.6 jtm as a function of the optical depth and 
cloud particle size. With this understanding we are uti­
lizing the IRIS window measurements, over the globd 
oceans, to derive mean seasonal maps of optically thin 
cirrus clouds.

2. Aircraft observations
The Ocean Temperature Scanner (OTS) was flown 

on board an aircraft over the Atlantic Ocean off Wal­
lops Island, Virginia, for the purpose of remote sensing 
of sea surface temperature (SST). These data were col­
lected as a part of the Mesoscale Air-Sea Interaction 
Experiment (MASEX) (Melfi et al., 1985).

The OTS radiometer (Barnes, 1977) had two infrared 
channels, about 1 wide, centered at 10.8 and 12.6 
Jim. In addition, a broad visible channel, 0.5 to 0.9 
Jim, was present to observe clouds. The radiometer 
scanned 30° on either side of nadir and had a spatial 
resolution of about 25 m at nadir from an altitude of 
7 km. The noise equivalent temperature of OTS was 
about 0.2 K in the infrared channels. In the visible

channel, it had a precision of about 0.1% with about 
3% uncertainty in absolute value. The instrument was 
calibrated before the aircraft experiment was conducted 
and the calibration was checked after the flight.

The OTS data were obtained over the coastal water 
in the vicinity of 72.7°W and 36.4°N near Wallops 
Island, which is close to the edge of the Gulf Stream. 
On the day the data were collected (1400 EST 16 Jan­
uary 1983), there was a cold air outbreak with pre­
vailing winds from the northwest to north over land 
onto the Atlantic Ocean. Starting from about 50 km 
away from the coast, cloud streets were present along 
the direction of the wind. These cloud streets existed 
at intervals of about 10 km with relatively clear areas 
separating the adjacent cloud bands.

Figures la, b show the visible and infrared (10.8 jim) 
images of the OTS data taken near the Gulf Stream 
from an altitude of about 7 km. The dimensions of the 
images are about 12 km along the flight path and 7 
km across the path. In the visible image, the bright 
clouds appear white, and clear-sky sea surface appears 
dark, while in the IR, the warm sea surface appears 
white and the cold clouds appear dark. These clouds 
have a wide range in size. They are forming and dis­
sipating in response to rising and sinking motions. The 
OTS resolution permits us to resolve some of the details
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REFLECTIVITY (%)
Fig. 4b. Brightness temperature difference AT vs reflectivity along the two dashed lines shown in Figs. 3b. c.

in the clouds. The dropsonde observations made during 
the MASEX experiment revealed saturated layers of 
air as shown in Fig. 2, corresponding to the cloud layer, 
from about 0.6 km to 1.2 km above the sea surface. 
The vertical temperature profile showed an inversion 
at the cloud top level with a temperature minimum of 
about 264 K, while at the cloud bottom the temperature 
was about 270 K. Knollenberg 2D-C and 2D-P probes 
flown on the aircraft detected particles larger than 50 
titn, which were essentially snow flakes with some 
graupel (personal communication. Black)' in the 
clouds. However, from these observations we can not 
conclude that cloud particles smaller than 50 fim are 
ice particles. Water droplets in the small size range 
could be present.

' Robert Black, NOAA, Miami, Florida.

In Figs, la, b a small segment, close to nadir view, 
is identified for more detailed examination of cloud 
properties. The details of the 10.8 /rm brightness tem­
perature and visible reflectivity corresponding to these 
segments are shown in Figs. 3a, b. From these figures 
we see a marked increase in brightness temperature 
from about 270 to 290 K going from cloudy to clear 
sky areas, while the reflectivity drops from 40% to about 
5%. In order to appreciate the importance of the other 
window channel at 12.6 fim, we have constructed Fig. 
3c in which the brightness temperature difference AT 
{AT = Tio.* - Tu.(,) of the two infrared channels is 
shown for the same area.

From Fig. 3c we notice that the difference, AT, sys­
tematically has large values near the edges of the clouds, 
sometimes exceeding 8 K. On the other hand, in the 
warm clear areas as well as cold cloudy areas, the dif­
ference is as low as 2 K. This range in AT within short
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The radiative transfer equation may be expressed as 
(Chandrasekar, 1960)

HT.li)

T Tc = 264K

dI{T, n)
I(r, a) -l£ I(r, /)

X PUi, aW - {I - 0>)B{T,) (1)

BOTTOM OF CLOUD

j _ 292K
SEA SURFACE

Fig. 5. Schematic diagram of the optical depth x and the 
distribution of the intensity / in the cloud.

distances, of the order of 100 m, cannot be explained 
in terms of water vapor absorption. This leaves the 
spectral properties of the cloud particles as a probable 
cause for this differential absorption.

In order to further illustrate the nature of this phe­
nomenon, plots of AT versus Tio g and AT versus re­
flectivity are shown in Figs. 4a, b. The plotted data 
were taken along the cross section indicated by the 
dashed lines in Figs. 3a-c. From Fig. 4a we notice that 
AT initially increases as rio.g drops by about IS K. 
From Fig. 4b we see that the maximum in AT occurs 
when the reflectivity has reached a value of about 15%, 
and this happens in the transition region between clear 
sky and thick cloud. In this transition region, cloud 
particles are dissipating rapidly and as a result we expect 
a decrease in their size and concentration.

3. Radiative transfer simulations

Optical properties of ice and water particles as func­
tion of particle size, at 10.8 and 12.6 fim, are similar. 
Because of this similarity, radiative transfer calculations 
through water or ice clouds give similar results at these 
wavelengths. For the reasons given in section 2, the 
MASEX cloud edges could be composed of ice or water 
particles smaller than 50 nm. Although the clouds ob­
served by aircraft are finite in horizontal extent, a plane- 
parallel atmosphere is assumed in the radiative transfer 
model. The vertical profiles of temperature and water 
vapor that are needed for this purpose are shown in 
Fig. 2. To simplify the problem, the cloud situated be­
tween 0.6 and 1.2 km above the sea surface is assumed 
to be isothermal. The particles in the cloud are assumed 
to be spherical and in local thermodynamic equilib­
rium.

where /(t, h) is the azimuthally averaged intensity at 
optical depth t in the cloud and in a direction 0 with 
respect to the zenith (/x = cosfl), as shown in Fig. 5; B 
is the Planck function; TV is the temperature of the 
cloud, assumed isothermal; w is the single scattering 
albedo; and P(fi, fi') is the azimuthally averaged scat­
tering phase function. The optical depth t of the cloud 
is expressed as t = where fc, (cmVg) is the mass 
extinction cross section and m is the mass of the par­
ticles per unit volume.

In solving Eq. (1) we need to specify the mass ex­
tinction cross section as well as the single scattering 
albedo and the phase function. All these parameters 
depend on the size and shape of the particles. As a first 
step the volume extinction and scattering coefficients 
are calculated assuming that there are 100 particles per 
cm^, spherical in shape, having a size distribution as 
given by Hansen and Travis (1974). The effective radius 
Teff (=2r,^nj/2r,^n,, where n, is the number density in 
interval i) and the effective variance Ueir of the drop 
size determine this distribution. In this study, Ueff is 
assumed to be 0.113. With this information, together 
with the values of the refractive indices for ice, the 
parameters stated above are calculated using Mie the­
ory according to a scheme developed by Wiscombe 
(1980). The volume extinction coefficient jS, (km“‘), 
the volume scattering coefficient /3j (km“‘), and the 
single scattering albedo a> computed in this manner are 
listed in Table 1 as a function of the effective radius of 
the particles. Similar calculations are also made for 
water droplets and are shown in the table for compar­
ison. Then, from these |8s, the mass extinction k, (cm^/ 
g) and scattering ks (cmVg) cross sections, that do not 
depend on the concentration of the particles, are cal­
culated and are presented in Fig. 6. These coefficients 
are used in the radiative transfer calculations. Figure 
6 shows that when the particles are small compared to 
wavelength the mass extinction cross section tends to 
be independent of the size of the particles while for 
laige particles it decreases as 1/r. Furthermore, the ex­
tinction cross sections for the two wavelengths converge 
for large particles. For small particles, the extinction 
at 12.6 ;xm is about two times as large as that at 10.8 
urn. (See also Table 1.) The extinction curves presented 
by Bohren and Huffman (1983) for water droplets at 
10 and 12.5 ^m vividly reveal these properties for large 
and small particles.

The other information that is needed to solve (1) for 
I(t, fi) between the cloud bottom at t = 0 to cloud top 
where r = T,op, is the upward intensity reaching the
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bottom of the cloud and the downward intensity in­
cident on the top of the cloud.

The upward intensity reaching the bottom of the 
cloud 7(0, is approximated as follows:

7(0, = B{Ts)e,-Kwlv* + B{T\\

where Ts is the sea surface temperature, w (g/cm^) the 
total amount of water vapor in a vertical column below 
the cloud, and K (cmVg) the water vapor absorption 
coefficient. Based on a study by Prabhakara et al. 
(1974), the value of at 10.8 and 12.6 ^m is taken as 
0.1 and 0.2 cm^g respectively. Here T is the mean 
radiative temperature of the atmosphere below the 
cloud, and n* means 0<^< l,or0<fl< x/2. It is 
assumed that the downward intensity 7(t,op, ii~) inci­
dent at the top of the cloud in the window region is 
negligible as there is very little water vapor or any other 
absorbing constituent above the cloud.

With the above boundary conditions, (1) is solved 
by the method of successive orders of scattering. This 
method involves the computation of the source func­
tion and the intensity using the recursion relationship 
between them (see e.g., Liou, 1980) for each successive 
order of scattering. The intensity contributed by a given 
order of scattering is smaller by a factor of about u as

compared to that of the preceding order. As w is sig­
nificantly smaller than unity for the particles considered 
here (see Table 1), the intensity decreases rapidly with 
increase in order. It is found that after seven orders of 
scattering, the error in neglecting higher orders amounts 
to less than 0.5 K in the brightness temperature emerg­
ing from the top of the cloud.

With this radiative transfer scheme, the brightness 
temperature at the top of the cloud for the two wave­
length bands, 10.8 and 12.6 fim is calculated over a 
range of the effective radius refr of the particles and the 
cloud optical depths. To illustrate the results, as an 
example, the brightness temperatures at nadir calcu­
lated for Teff = 3 jum is plotted in Fig. 7 as a function 
of the optical depth at 10.8 #im. From this figure we 
see that when the cloud is optically thin, warm radiation 
from the surface (Tj = 292 K) and the atmosphere 
below the cloud emerges through the cloud with very 
little extinction. However, when the cloud is optically 
thick, this warm radiation is quenched and what is 
seen on the top of the cloud is essentially the emission 
of the cloud at a temperature of 264 K. Furthermore 
a significant detail emerges from the calculations. When 
the cloud particles are small and also the cloud optical 
depth is small, the difference between the brightness 
temperatures (AT = Tiog - T12.6) increases linearly

Table 1. Volume extinction cross section volume scattering cross section 0, and the single scattering albedo u (=/3,//3,) as a function 
of the effective radius for the two wavelengths 10.8 and 12.6 /im. For each r^t, two values of i are given. The values in the upper 
line refer to ice and those in the lower line to water.

10.8 Mm 12.6 Mm

r^tr 0, i8.
^ixn km ‘ km ' km"' km ' oi

0.375 2.91 (-3)* 5.02 (-6) .0017 5.18 (-3) 2.18 (-5) .0042
1.39 (-3) 4.69 (-6) .0034 3.95 (-3) 6.77 (-6) .0017

0.750 2.36 (-2) 2.83 (-4) .012 4.41 (-2) 1.32 (-3) .0299
1.16 (-2) 2.74 (-4) .024 3.20 (-2) 3.96 (-4) .0124

1.500 1.89 (-1) 1.09 (-2) .058 4.03 (-1) 5.59 (-2) .138
1.05 (-1) 1.17 (-2) .111 2.59 (-1) 1.66 (-2) .0643

3.000 1.43 2.19(-1) .153 3.20 9.63 (-1) .301
1.000 2.71 (-1) .271 1.921 3.38 (-1) .176

6.000 9.64 2.69 .28 1.81 (1) 7.52 .42
8.952 3.941 .44 1.21(1) 3.74 .309

12.000 5.45(1) 2.14(1) .39 7.61(1) 3.55(1) .47
6.28(1) 3.40(1) .54 6.22(1) 2.57(1) .41

24.000 2.54(2) 1.17(2) .46 2.90 (2) 1.45 (2) .50
2.93 (2) 1.57 (2) .54 2.68 (2) 1.27 (2) .47

• Numbers in parentheses correspond to exponent of 10. Real and imaginary parts of the refractive index are as follows: 
f 10.8 Mm, n = 1.09 - iO.168 

‘“ll2.6Mm, n = 1.40 - f0.415 

(Warren, 1984)

10.8 Mtn, n = 1.168 - r0.0828 
12.6 Mm, n = 1.136 - iO.2710 

(Downing & Williams, 1975)

water
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and the corresponding r.o.s.is 278 K. The^“ter 
in reasonable agreement with the aircraft radiometer 
obsemtions nel the edge of the clouds, as shown in

*"'fo? particles in the size range of 1 to 4 ^m, Mie 
calculations suggest that the optical depth m the visible 
region -0.75 jim, is about four times larger than t 
opftcal depth in the 10.8 urn band (see « ^ B°hre" 
and Huffman, 1983). The ^flectivity values as a fui^c 
tion of AT, shown in Fig. 4b, can be explained 
estimates of such visible optical 
Childs, 1985). From this figure we *ee that as AT ,n 
creases, corresponding to an increase in th^nfrared 
optical depth, the reflectivity is increasing, men A7 
is near maximum, i.e., rio.g « 1, as stated above, Tv,s 
~ 4 The value of reflectivity of 15% obtained at that 
point is consistent with r... = 4. From this reasoning

with the optical depth. This is mainly because the ex­
tinction at 12.6 fim is significantly larger ' P^
tides For these small particles, when the optical depth 
at 10.8 Mm is about unity, AT reaches a maximum 
value. At larger depths, Tio.s and 7^ 6 approac o
““ufridUy Fis. 7a .ha, the na.ur. of

S o'„ “weakly on the

ns.
7b) does no. depend critically on the phase of the ^r- 
ticks but on the differential opacity between the 10.8 
and 12.6 jim channels, from this point on the d'scuss'on

£,iaroSS,;Tt:so"ifica'n'S; altered by the 

Shane of the particles. _ , , ^
4. Cirrus observations over oceans from IKla

An Infrared Interferometer Spectrometer (IRIS) was 
flown on the Nimbus-4 satellite, which produced spec- 
ral data in the 5 to 25 m range with a resolution ^f 

2 8 cm-' and a noise equivalent temperature of 0.5 K

ferential opacity, is ais(
nrrSs^Sed in Fig. 7b can be plotted as a 
function of r,o.8 in order to compare the a.rcraf 
....Its shown in Fig. 4a. This is done in Fig. 8 tor

point is consistent with Tv,s = rron. «ft appears that small particles, water or ice, m the range
of about 1 to 4 Mm can explain JJ®
measurements made by the aircraft radiometer at the 
edge of clouds. Large particles could not accoum for 
the infrared and visible optical properties in a consistent

function of T.o^s m order lo cou.^.. “p. 'T

Mm, AT approaches a maximum value of about 8.5 K
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(Hand et al., 1972). In Fig. 9 a typical IRIS spertrum 
over the doud-free tropical ocean near Guam is shown.
These IRIS data can be degraded, by spectrd 
to simulate the two broadbands of the aircraft rad - 
let^ The position of these two bands is shown m 
the figure. The difference in brightness temperature Ix- 
meS these two bands, namely AT, can be examined

InV^g'lO^ at deduced from IRIS spectra over the
tropical oceans between 10°N to ‘0°S is shown as a 
function of r.o.s- In spite of a la^e ^P^^ad m the d^ 
we notice that there is a trend indicating a broad max 
rim in AT around T.o s = 255 K The ob^^a^mns 
shown in this figure are qualitatively

T, a1;u
large field of view of 95 km, we can infer the presence 
oftok cirrus cloud associated with severe ^:onve^ 
motions and composed of ice crystals. As P^"'
tides spread out of the cloud due to wind and

Ko^!idX°fc?'ti«<JS'^ ir values otervrf

da.^ radlauve
transfer calculations were made for ^ ^
crystal cirrus cloud in the upper troposphere. A trowed
atmosDhere having a sea surface temperature of 300 R ^ , nr u.uc.u..uu...
and 4 B/cm^ of total water vapor in the atmosphere ^hown m (a) as a luncuon of t,o,. 
with a 1 km thick cloud near 9 km altitude at a tern- 
perature of 240 K is assumed. The AT obtained from optically thin cirrus clouds, having an optical
Sese calculations for^ffeient P^f depth of about 1 at 10.8 contain iw P^^ides in a
in Fib 11 Also, in this figure, Tio.s nsed as me ao f ^ ^-----„„,„,mtinB tn ~10 ^ E cm .It we‘sd^^nsiead of the optical depth. 
notice that AT is much larger for all particle sizes as 
compared to that of low-level cloud shown ^i^- 
This is mainly because of the larger contrast in tem­
perature between the surface and the cloud.
^When the IRIS data shown in Fig. 10 is compared 
to the calculations shown in Fig. 11 'J.®

, di^a^eemeut Thu computauons mdteau the

1 ■ I

reff = 3nm

WATER

<D 270

reff = 3pim -

WATER 
- ICE

T10.8

FiG 7. (a) Upwelling bnghiness temperature,

jr?o/:sruS
cloud -s'3U. (b) The difference in the bnghtness temperatures, AT, 
chrxMun in ^n) as a luncliofi ol T,08-

level cloSls below the cirrus which
both ATand T.os-Furthermore, the data on AT shownl^^Fiflo” newest that several of the clouds mvolved 
were thin cirms clouds in the tropics that b^d 
with T.0.S greater than 270 K. According to these cal-

depth of about 1 at 10.8 A*m conxam ^
vertical column amounting to ~10 g ern . 
assume the thickness of the clouds is ~ 1 km the ,ce 
water content is ~ 10- g m- " is [eas^f e for 
cirrus clouds (e.g., Heymsfield and Platt, 1984)

In a recent study, Sassen et al. (1985) show that the 
lower part of cirrus clouds could contain su^ooled 
(-235 K) water droplets, having concentration of 
about 30 particles per cm' and mean radius of about

^hrinr“ud:rc^^^^^^^^^^^Sedoh h, « pa„,c,es in ,h. 2 20extinction by ice particles in the 2-/U nm size u.. 
could be as much as 53%. Based on these studies it is 
plausible to explain the IRIS observations of AT, about 
%0 to 200 km away from high cold clouds, m terms 
of ice or water particles smaller than the wavelength
°^v“S'u„de^itanding of the IRIS ™ndow f 'd 
we have produced seasonal maps of thin cirrus clouds
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F,a R Th=or«i». .. T„ f«. ^ *E»R.. - «nA»i c«. function of particle size.

help of measured AT vdues. number of such regions are exceeding 100 km in
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the paper. This inference is in accord with the results 
of Heymsfield and Platt (1984) and Sassen et al. (1985). 
Furthermore, in an experimental study by VoUcvitskiy 
et al. (1983) involving artificially generated ice crystal 
fog in a refrigerated chamber, it was observed that fine 
crystals of varying shape, with sizes less than 20 nm, 
produced spearally dependent extinction in the win­
dow region similar to that reported in this study.

Theoretical calculations indicate that water droplets

in the size range of a few microns can also produce 
infrared spectral effects analogous to that of ice crystals. 
It should be pointed out here that the results shown in 
Figs. 12a-d derived from the IRIS data (field of view 
of 95 km) do not arise from low-level water droplet 
clouds. The low-level convective clouds tend to be 
smaller in area and generally will be much heavier in 
liquid water content and, hence, are optically thick. 
On the other hand, low-level stratus clouds which can
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be extensive in area are present in subsidence regions 
of the subtropical anticyclones over the oceans. Such 
stratus clouds could be optically thin. The AT deduced 
from IRIS data in such areas is not large as shown in 
Figs. 12a-d. For these reasons we believe that high- 
level clouds, most likely cirrus, fit the IRIS observa­
tions.

Optically thin cirrus clouds can interfere with remote 
sensing of the atmosphere and surface below them. 
Particularly the sea surface temperature (SST) sensing, 
from the split window channels near 11 and 13 /im 
(Prabhakara, et al., 1974) can be in error. During the 
daytime the visible reflectivity of the clouds may be 
helpful to screen out the cloud contaminated data 
(McClain et al., 1982). But at night when the infrared 
data is the principal means to sense SST, thin cirrus 
clouds can introduce errors.

Global information on optically thin clouds, which 
enhance the greenhouse effect, will be valuable for cli­
mate studies (Liou, 1986).
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ABSTRACT

The spectral data obtained by the Infrared Interferometer Spectrometer (IRIS) flown on Nimbus 4 satellite 
in 1970 indicated the existence of optically thin ice clouds in the upper troposphere that probably extended 
into lower stratosphere, in the polar regions, during winter and early spring. The spectral features of these clouds 
differ somewhat from that of the optically thin cirrus clouds in the tropics. From theoretical simulation of the 
infrared spectra in the 8-25 /im region, we infer that these polar clouds have a vertical stratification in particle 
size, with larger particles (~12 /im) in the bottom of the cloud and smaller ones («1 pm) aloft. Radiative 
transfer calculations also suggest that the equivalent ice-water content of these polar clouds is of the order of 1 
mg cm"^

1. Introduction

Infrared Interferometer Spectrometer (IRIS) (Hand 
et al. 1972) flown on Nimbus 4 satellite revealed spec­
tral properties of the optically thin cirrus clouds in the 
upper troposphere. In the tropics the 10-13 ^tm infrared 
(IR) window region of the IRIS spectrum shows these 
properties quite vividly (Hand et al. 1972; Curran 
1972). Prabhakara et al. (1988) (called PFDWCS 
hereafter) accounted for these spectral features utilizing 
the extinction characteristics of small ice and/or su­
percooled water particles, present in the clouds, having 
an equivalent radius of about 5 pm. On the basis of 
the IRIS observations PFDWCS inferred that these thin 
cirrus clouds arise from the spreading of the anvil 
clouds associated with deep convective storms in the 
tropics. That study was limited to 50°N and 50°S ex­
cluding the polar regions.

Further examination of the IRIS data extending to 
its north and south limits, i.e., 80°N and 80°S, revealed 
unexpectedly the presence of optically thin upper tro­
pospheric ice clouds with possible extension into the 
lower stratosphere in the polar regions. These clouds 
show infrared spectral features that are somewhat dif­
ferent from the tropical ones. In this investigation these 
spectral features are illustrated with the help of the IRIS 
observations and explained theoretically.

The polar stratospheric clouds (PSCs) have been

• Applied Research Corporation, Landover, Maryland.
* * C.N.R. Istituto di Fisica dell’ Atmosfera, Rome, Italy.

Corresponding author address: Dr. C. Prabhakara, Code 613, 
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studied extensively (see, McCormick et al. 1982; Steele 
et al. 1983). The possible role played by these PSCs 
and the ice particles associated with them in the for­
mation of the ozone hole (Schoeberl and Krueger, 
1986) is currently a subject of keen interest. Since the 
PSCs are observed approximately in the same seasonal 
time frame, winter and early spring, as the polar cirrus 
reported in this study one would like to know the con­
nection between these two cloud systems.

The study of these apparently deep polar cirrus 
clouds is presented in two parts. In this part I the ex­
tinction properties of the clouds are examined with the 
help of radiative transfer theory. In a companion paper 
part II, the meteorological aspects of these clouds are 
presented.

2. IRIS observations

IRIS had a field of view of ~ 100 km and covered 
the spectral region v = 400 to 1500 cm”‘ with a reso­
lution of 2.8 cm“‘. The noise in the data amounted to 
about 0.5 X 10“'' W cm“^ sr"‘ cm“'. With this capa­
bility one could examine the spectral data of high al­
titude clouds which tend to be cold, within an accuracy 
of ~2K in brightness temperature up to ~ 1200 cm“'. 
At higher frequencies this error increases. For this rea­
son the data are not presented beyond 1200 cm“'. IRIS 
is a nadir viewing instrument and not a scanner. The 
broad spectral coverage of the IRIS with fine resolution 
helps us considerably in the examination of the spectral 
properties of clouds over the global oceans including 
the polar regions in winter. To demonstrate this, in 
appendix A IRIS spectra attributable to clear sky, and 
optically thick and thin clouds, over oceans at widely
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Abstract

Over the convectively active tropical ocean regions, the measurements made from 

space in the infrared and visible have revealed the presence of optically thin cirrus 

clouds, which are quite transparent in the visible and nearly opaque in the infrared. 

The Nimbus-4 Infrared Interferometer Spectrometer (IRIS), which hcis a FOV of 

RslOO km, hcis been utilized to examine the infrared optical characteristics of these 

cirrus clouds. From the IRIS data, it hcis been observed that these optically thin 

cirrus clouds prevail extensively over the ‘warm pool’ region of the equatorial western 

Pacific, surrounding Indonesia. It is found that the seasonal cloud cover due to these 

thin cirrus exceeds 50% near the central regions of the ‘warm pool’. For most of these 

clouds the optical thickness in the infrared is < 2. It is deduced that the dense cold

anvil clouds associated with deep convection spread extensively and are responsible

for the formation of the thin cirrus. This is supported by the observation that the 

coverage of the dense anvil clouds is an order of magnitude less than that of the thin 

cirrus. From these observations together with a simple radiative-convective model, it 

is inferred that the optically thin cirrus can provide a greenhouse effect which can be 

a significant factor in maintaining the ‘warm pool’. In the absence of fluid transports.

it is found that these cirrus clouds ^ould lead ^ a runaway greenhouse effect. The 

pre.sencc of fluid transport proce.ssess, however, act to moderate this effect. Thus, if a
^ ^ ^ _ _____  .'m- energy input is considered to be available to warm the ocean, then

it is found that the ocean mixed-layer of 50 meters depth will be heated by fii TC in

100 days.



1. Introduction

The ‘warm pool’ area, located in the equatorial western Pacific, hcis sea surface 

temperatures which exceed about 28*0 in all seasons. As revealed by satellite mea­

surements, the ‘warm pool’ region is usually cloud covered (Garcia, 1985) and is 

characterized by low values of the outgoing longwave radiation (OLR), « 200 W/m^. 

Moreover, in the ‘warm pool’ region the net radiation, the solar incoming minus OLR, 

at the top of the atmosphere is 80 W/m^ (Barkstrom et al., 1989). Another re­

markable aspect of this region is that there is on the average about 10 mm/day of 

rain (Dorman and Bourke, 1979). By combining this salient information together 

with a knowledge of the transports prevailing in the atmosphere and the ocean up 

to a depth of the thermocline, it is possible to explain how the elevated tempera­

tures in the ‘warm pool’ are maintained. The errors in the estimation of the various 

energy processes at present, however, are such that it is difficult to draw definitive 

conclusions. To resolve this situation, the TOGA COARE (World Climate Research 

Program, 1989) program will make extensive measurements to help improve our un­

derstanding of the energy budget.

The purpose of the present study is to introduce a new mechanism, namely the 

radiative effects of thin cirrus clouds, to explain the energy balance of the ‘warm pool’ 

region. The available evidence indicates that the impact of the thin cirrus clouds is 

to radiatively produce a local heat source which appears to be a significant factor in 

maintaining the ‘warm pool’.

Several studies (e.g., Platt, 1989; Ramanathan et al., 1989; Stephens, 1980) have 

discussed the role of clouds in the atmosphere as regulators of the radiative energy 

balance. From observations, it has been deduced that clouds found primarily at low 

altitudes, such as stratiform clouds in the boundary layer, lead to a net cooling since 

they reflect a significant percentage of the incoming solar energy while radiating to 

space in the infrared at fairly warm temperatures (Stephens and Webster, 1981). The



high altitude cirrus and cirrostratus clouds, however, radiate to space in the IR at a 

much cooler temperature which can result in a net warming. In the context of the 

global warming due to increase in CO2 and other trace gcises, the role of the clouds 

in the atmosphere must be understood and properly taken into consideration.

Satellite observations in the infrared and visible (e.g., Hanel et al., 1972; Prab- 

hakara et al., 1988; Inoue, 1985; Stowe et al., 1989) have revealed some of the inter­

esting properties of the cold high altitude cirrus clouds which prevail over the warm 

pool. Other studies (Stephens, 1980; Platt et al., 1987) have also discussed the nature 

of the optically thin cirrus clouds. Platt et al. (1987) suggest that in the cold upper 

tropospheric regions, where there are small amounts of water vapor, the optically thin 

cirrus clouds present tend to be fairly transparent to incoming solar radiation while 

being nearly opaque to the outgoing infrared. These optical properties of the thin 

cirrus clouds have the potential to lead to a greenhouse warming. To date, the ex­

tent to which such a greenhouse warming is affecting the earth has not been assessed 

because of the lack of data concerned with the geographic extent of the thin cirrus 

and their infrared optical depth. Based on a recent study (Prabhakara et al.. 1988) 

it is now possible to derive the necessary information from the data obtained by the 

Infrared Interferometer Spectrometer (IRIS) that was flown on Nimbus 4 satellite in 

1970.

A brief account of the IRIS and a method to estimate the thin cirrus information 

is presented in section 2. A simple radiative convective model that is applicable to 

the mesoscale convective systems in the ‘warm pool’ is developed in section 3. This 

radiative convective model, which does not explicitly take into account the transports, 

allows us to estimate the net heating in the presence of thin cirrus clouds.



2. Satellite observations of thin cirrus

The IRIS on board Nimbus 4 provided valuable data for about 10 months; April 

1970 to January 1971. This spectrometer viewed the earth at nadir with a field of 

view of about 100 km and had a spectral resolution of 2.8 cm“ * in the IR region, 7 to 

25 fim (see Hanel et ah, 1972 for more details on IRIS). In a study based on these high 

resolution IRIS data, Prabhakara et al. (1988) (hereafter called PFDWCS) inferred 

the presence of optically thin cirrus clouds over the convective arecis of the oceans 

namely the ‘warm pool’ region, the ITCZ (Intertropical Convergence Zone) and the 

SPCZ (South Pacific Convergence Zone).

From the IRIS observations it is deduced that the thin cirrus clouds have a spatial 

scale of about a few hundred kilometers. Based on these observations, one can also 

infer that these thin cirrus clouds result from the spreading of the thick anvil clouds 

that have cold tops of 220 K. The scale of these complex cloud structures suggests 

that they are associated with mesoscale convective systems (MCS) that prevail in the 

convective areas.

In Fig. 1 a schematic picture of the MCS over the ‘warm pool’ area is shown with 

a mature cumulonimbus anvil and some cumulus clouds at low altitude in different 

stages of development. Under the outer reaches of the anvil there can be open ocean 

with no cumulus underneath. The IRIS spectra are well suited to distinguish the 

character of the cirrus clouds in the MCS. To demonstrate this point, a clear sky 

spectrum over the oceans, and a spectrum of an oceanic scene containing an optically 

thin cirrus (PFDWCS) over the ocean are displayed in Fig. 2a and 2b, respectively.

Unlike molecular absorption which exhibits fine spectral structure, clouds tend to 

produce broad spectral features. A very prominent cloud extinction feature, namely 

an enhanced difference between the brightness temperatures at 11 and 13 /xm, can be 

readily identified and is located in the window region of the spectrum (see Fig. 2b) 

between the 9.6 /xm O3 band and the 15 /xm CO2 band. The range of this cloud



extinction feature stretches from 980 to 750 cm~‘ (10.2 to 12.9 /xm). In addition, 

cloud extinction inferred from the IRIS spectra for the wavelength region from 18 to 

25 /xm, where the water vapor rotation band is present, reinforces the conclusions 

drawn from the observations made in the window region.

Due to the presence of water vapor in the earth’s atmosphere, especially in the 

first few kilometers above the sea surface, the brightness temperature in the window 

region, for clear sky conditions, decreases from 980 to 775 cm“ *. This decrease in 

brightness temperature from 11 to 13 /xm, AT = T,i — Tis, can be as large as 5°C 

in the humid ‘warm pool’ region. Under these conditions, the value of Tn is about 

293 K; however when there is an optically thin cirrus in the scene, AT is significantly 

greater than 5“C and Tu is several degrees below 293 K. The brightness temperature 

in the rotation band region at 18 /xm, is also reduced by thin cirrus. As shown 

in PFDWCS the AT in the optically thin cloud cases can be related to the cloud 

properties with the help of the radiative transfer theoretical calculations that take; 

into account the absorption and scattering by the cirrus ice particles. Unlike the 

optically thin cloud whose absorption is wavelength dependent, the optically thick 

cloud emits like a blackbody and hence A7’ is small. If we assume this optically thick 

cloud top is around 11 km, the brightness temperature at 11 /rm is some 70 K below 

the SST.

The discussion of the cloud spectra presented above is applied to a large MCS 

complex observed over the ‘warm pool’ around local noon on October 16, 1970. In 

order to understand this case, twelve spectra observed by IRIS along one orbital track 

as the satellite passed northward from about 4*S, 167® E to 7®N, 164® E, are presented 

in Fig. 3. Ecich of these spectra show some degree of cirrus cloud contamination with 

the exception of the # 7 near 0.3® N, which has the largest values of T, i and Tig (292 

K and 267 K, respectively), and the smallest value of AT (5.6 K). It is straightforward 

to see that the spectra ^ 3 and 4, where the 15 /xm CO2 and the 9.6 /xm O3 bands



are weak and Tn « 225 K, correspond to high cold clouds in the center of the MCS 

complex. The spectra on either side of the MCS center, i.e., # 1 & 2 and 5 & 6 show 

a gradual warming and suggest a decrease in the effect of the dense clouds, and an 

increase in the effect of the optically thin clouds. This is evident from the values of 

Til, at and Tis identified in these spectra.

Spectra ^ 8, 9, 10, 11, and 12 are influenced by some MCS that are outside the 

subsatellite track of the IRIS observations. The presence of the thin cirrus background 

in these spectra can be deduced, however, from their spectral characteristics (i.e. T,,, 

AT and Tjs). This can be appreciated by contrasting these spectra with that of 

spectrum ^ 7. All of these cloud spectra give an indication of the massive aerial 

extent of thin cirrus over the ‘warm pool’.

In the theoretical calculations, PFDWCS assumed the cirrus ice particles arc 

spherical having a log normal size distribution with an effective radius r,. The value 

of brightness temperature calculated from this theoretical model for the relatively 

narrow spectral intervals at 11 and 13 /xm is shown to have the following functional 

d(;pendence:
Til =f{{T,-T,),7n,kii{r,),Uii{r,)}

Ti3 — f {(T, — T,.),m,l;i3(rj),u;j3(re)} 

where T, is the sea surface temperature, T^ is the temperature of the cirrus cloud

layer which is assumed to be isothermal, m (g/cm^) is the mass of the ice particles 

in a coluirm of the cloud, and kn and ki3 (cm^/g) are the extinction cross sections 

of the ice particles in the cloud whose eff^ective radius is r^, and Un and ljis are 

the corresponding single scattering albedo values. It follows from Eq. 1 that for a 

given (T, — T^) and r*, Tj j and T13 are dependent on m, the mass of the particles in 

the cloud. Hence the difference AT = Tn — T13 is also a function of m. Results of 

theoretical calculations (see PFDWCS) are illustrated in Fig. 4 for a family of cirrus 

clouds with particle sizes r* ranging between 1.5 /xm to 24 /xm and the total extinction 

optical depth, r^, ranging from 0 to 20. Underneath the cirrus it is assumed there

(1)



are no other clouds and the surface temperature, T,, is 301 K, while the temperature 

of the cirrus clouds, is taken to be 230 K. In Fig. 4, AT is plotted as a function 

of the brightness temperature Tn cis both these quantities are measurable. It can be 

observed that the curves of AT versus T, i for different values of have a maximum 

AT in the vicinity of Tu w 270 K. This maximum is quite pronounced for small 

ice particles whose r, < 6 /im. The isolines of optical depth rn are shown in the 

Fig. 4. These isolines reveal that AT maximum is close to Tu =1. An important 

result obtained from these theoretical calculations is that the extinction due to the 

thin cirrus clouds is mainly responsible for decreasing Tn below 290 K and increasing 

AT above 5 K. Water vapor absorption alone can not explain such results.

In Fig. 5 the IRIS observations over the tropical ocean (10" S to 10" N) are plotted 

as a function of AT versus T,, to illustrate the correspondence between theory and 

observations.

In Fig. 6 the theoretical frame work developed above is applied to the IRIS data 

over the equatorial Pacific. Here the IRIS observations, made during three months 

at four oceanic regions of 10" lat xlO" long size, are presented in the form of fre­

quency distribution in the space defined by the two variables AT and T,,. Two of 

these oceanic regions represent the ‘warm pool’ during the northern summer and fall 

seasons. The other two regions are chosen to reveal the character of the dry tropical 

eastern Pacific where the subsidence in the atmosphere and the oceanic upwelling are 

dominant. The IRIS data over the ‘warm pool’. Fig. 6 (a & b), when compared with 

the theoretical results. Fig. 4, show some gross similarities. It should be noted that in 

observations involving diverse natural situations, other clouds such as cumulus (see 

Fig. 1) may be present between the sea surface and cirrus, which can introduce a 

significant spread in the data presented in Fig. 6 (a & b). Thus, one has to take into 

consideration these variable conditions when comparing the theoretical results with 

the IRIS data. Despite these limitations one observes that the AT maximum in both



the figures is close to T,i 270 K. The magnitude of AT maximum of about 10 K 

in the data, when compared with that in Fig. 4, suggests that r* for such clouds is 

about 6 fim.

The percentage cloud cover due to thin cirrus and their optical depth can be 

estimated with the help of the analysis presented above. Based on the arguments 

presented earlier, if we assume the IRIS data shown in Fig. 6 (a & b) with Tn < 290 

K and AT > 5 K represent thin cirrus in the whole field of view, then we can get an 

estimate of their percentage. Such estimates over the ‘warm pool’ region are shown 

to reach ^ 60%. On the contrary over the dry subsidence regions Fig 6 (c & d) the 

cirrus amount is negligibly small. Another important observation is that in the ‘warm 

pool’ events the high cold clouds Tn < 225 K constitute only a small fraction ^ 5% 

of the total number of cases.

Utilizing this technique the percentage of optically thin cirrus over the tropical 

oceans from 25° N to 25° S is deduced from IRIS measurements for four seasons as 

shown in Fig. 7 (a-d). In order to illustrate the significance of the inferred thin 

cirrus, the climatology of sea surface temperature (SST) is shown in Fig. 8 (a k. b) 

for two secisons. The striking similarity between the distribution of thin cirrus clouds 

and the SST over the tropical oceans and in particular over the ‘warm pool’ region is 

clearly revealed. Note that the maxima of these two variables move poleward during 

the local summer season.

A weighted mean optical depth of these thin cirrus clouds can be assessed as 

follows. If one takes the population of clouds with Tn < 290 K and AT > 5 

K, it is found that the weighted mean Tu of such population is approximately 1.0 

(Til Tifi/Yl fi where /, is the frequency of observations, also note from Figs. 4 

and 6 that this population of cirrus clouds has 2 > Th >0).



3. Energy balance model for the ‘warm pool’

Optically thin cirrus clouds, which are more transparent in the visible than in 

the IR, are produced by MCS. They are present over an extensive area of the ‘warm 

pool’ and therefore should have important implications to the local energy balance. 

The thermal structure, the convective cloudiness and precipitation in the atmosphere, 

tis well cis the temperature in the ocean up to a depth of the thermocline could be 

impacted by this local energy balance. A comprehensive model that can explicitly 

take into account all the dynamical, physical and radiative processes pertaining to 

the coupled ocean-atmosphere system of the ‘warm pool’ is beyond the scope of this 

study. Instead, a simple energy balance model is developed which assumes implicitly 

the existence of convective transport, latent heating, and clouds which result from 

small scale and large scale dynamical processes in the ‘warm pool’. Given these salient 

conditions, a radiative energy balance model, which will be discussed, is considered 

to estimate the surface temperature.

It is assumed that the large scale transport processes and convective motions 

in the tropics result in the formation of MCS’s (see Fig. 1). In the MCS’s, some 

of the cumulonimbus clouds form anvils whose optically thin cirrus covers the sky 

completely. The lower tropospheric convective cumulus are taken to have cloud tops 

which reach an average altitude of 5.5 km. If we take the surface temperature to be 

301 K and the lapse rate to be 6.5 K/km, then the cumulus cloud tops will have a 

temperature of 265 K. The cumulus clouds are taken to be black bodies radiating at 

the cloud temperature. This means that the cumulus clouds emit 0.6 times the surface 

flux, (tT/, where a is the Stefan-Boltzmann constant. The cirrus are located near 

12 km and are taken to have a negligible thickness. As before, if we take the surface 

temperature to be 301 K and the lapse rate to be 6.5 K/km, then the thin cirrus 

have a temperature of 223 K. This implies that if these thin cirrus were to radiate 

with an emissivity, e, then their emission would be equeil to 0.3eaT'/. The cumulus



(2)

cloud cover, C, underneath the cirrus is an important parameter of the model and 

is allowed to vary. In our formulation the IR emissivity of the cirrus is related to its 

visible albedo, a , with the help of radiometer measurements obtained from aircraft 

flights (Spinherne and Hart, 1990) as shown in Table 1. The IR transmissivity of the 

cirrus is given by (1 — e) and its visible transmissivity is (1 — a). In these calculations 

the visible reflectivity of the cumulus, r, is allowed to vary between 0.55 and 0.65 

(e.g., Stowe et al., 1988), and the visible albedo is varied from 0.0 to 0.4, and the 

cumulus fraction from 0.0 to 0.9. A scheme for the radiative processes in the model 

is presented in Fig. 9. As shown by Eq. 2, the energy balance between the incoming 

solar radiation and the outgoing longwave radiation at the top of the atmosphere can 

be described by:

G,aT;(et' + A) + (l-e) lO.GCG.aT;' + (1 - C)G3aT;]

= 5(1 -a)[{l -a,(l-a)}(l -C) + {1 -r(l -a)}C] 

where 5 is the solar constant, and a, is the albedo of the cloud free atmosphere and 

the ocean surface. The first term on the left hand side gives the IR emission from the 

cirrus and the overlying atmosphere containing CO2, O3 and 11_.0. /' = 0.91 is t he 

IR flux transmission of the atmospheric absorbing gases above the cirrus level. The 

constant, A = 0.06, arises because of the emission of the atmosphere above the cirrus. 

The constant, Gi, represents the ratio {TJT,)"' which is 0.30. The second term on the 

left hand side represents the IR radiation emerging through the cirrus. This term has 

two components: a) a part that corresponds to the emission from the cumulus, and 

the atmospheric gases between cumulus top and cirrus, and b) a part that represents 

the emission from the surface and the atmosphere underlying the cirrus. In here the 

emission from the cumulus region is weighted by the cumulus fraction, C, and the 

rest by (1 — C). The constants G^ and G3 are scaling constants which are meant 

to scale the emission from a) and b), respectively. This scaling is done to express 

the emission from these layers in terms of the blackbody radiation from the surface.



(tT/. The values of G2 and are 0.83 and 0.63, respectively. These constants, as 

well as t' and A are obtained from IR radiative transfer computations for a tropical 

atmosphere assuming T, = 301 K, lapse rate of 6.5 K/km, 5 g/cm^ of water vapor, a 

tropical ozone profile with 0.28 cm of O3 and a tropopause temperature of 190 K at 

17 km.

The term on the right hand side of Eq. 2 is an approximation for the incoming 

solar energy which is absorbed by the surface-atmosphere system. This absorption, 

for clear sky conditions within the tropics, leads to an effective radiative temperature 

at the top of the atmosphere near 270 K. This estimate of the effective radiative 

temperature in the tropics is consistent with that obtained in other studies (e.g., 

Stephens and Webster, 1981). From Eq. 2, one can solve for the surface temperature, 

T,, as a function of C and a, given the magnitude of the other variables. For i)ieseiit 

purposes the diurnal mean insolation near the equator is taken to be 5 = lOo W/m^ 

Based on satellite measurements, a, is taken to be 0.10 (e.g.. Gill, 1982). lup 2 mav 

be simplified as follows:

daT: = (\-a^)S

where d = [G,{et'+ A) ^ - ,){Q.^CG2 + {I - C)G2]] (3)

and Q, = [q.((1 -C)(l -t-Q^)-l-2aC)-f-(l -2aJo -t-rC(l -o)']

In Eq. 3, is equivalent to an effective albedo and d is the effective emissivity of 

the earth atmosphere system. From Eq. 3 one notes that the ratio (1 - q J//? may be 

interpreted as a greenhouse amplification factor which takes into account not only the 

effect of the gases but also the strong interaction of clouds on IR and solar radiation.

Taking r = 0.55 in Eq. 2, T, is estimated for different values of C and a. These 

values of T, are presented in Table 2a. The corresponding values of a, and d as 

defined by Eq. 3 are listed in Tables 2b and 2c, respectively.

From Table 2a, one notes that in the absence of cumulus and cirrus clouds, the 

radiative-convective equilibrium leads to a surface temperature of 316.1 K. This warm



temperature of the equatorial ocean results from the greenhouse effects of the atmo­

spheric gases such as CO2 and HjO. It must be noted, however, that this assumes the 

absence of fluid transports. If the effects of clouds are taken into consideration, it is 

observed that as the cumulus cloud fraction is increased to 0.9 with no cirrus present, 

the surface temperature drops to 287.8 K. If optically thin cirrus clouds with a = 0.2 

(i.e., £ = 0.63) are now included in the scene, the surface temperature is raised to 

a value of 307.7 K (see Table 2a). This example demonstrates the effect of the thin 

cirrus veil on the sea surface temperature.

When the incoming solar energy is not in balance with the OLR, there will be a 

net radiative energy input, at the top of the atmosphere. This input may be

estimated by the following simple expression when Oe, 0 and T, are given:

= S(l-a,)-0aT:. {^)

Taking the values of and 0 from Table 2b and 2c, and the surface temperature, 

T, = 301 K from observations, of the ‘warm pool’ region, we have estimated the 

net energy input, E,.,,. The values of which are calculated from Eq. 4 are

presented in lable 3. One notes that the maximum net input of energy into the 

ocean atmosphere system occurs when the cirrus visible albedo is about 0.2. Based 

on the approximations developed by Platt and Stephens (1980) we can relate this 

emissivity to a total optical depth of approximately one for the cirrus cloud. These 

optimal conditions of energy input are apparently present in the ‘warm pool’ region 

as evidenced by the IRIS observations (see Fig. 5 and 6) which show that the bulk of 

the cirrus clouds have optical depths around unity. One may also note from Table 1 

that the cumulus clouds generally decrease the net energy input to the system.

Following the path of maximum net energy input, which corresponds closely to 

a = 0.2, we find from Table 3 that when C « 0.2 the input energy is about 80 

W/m^. This combination of cirrus and cumulus yields w 0.33 (see Table 2b).



These estimates of the albedo, a,., and net energy input of 80 W/m^ are consistent 

with the ERBS observations reported by Barkstrom et al. (1989).

In Fig. 9, two curves are shown which illustrate the dependence of the sea surface 

temperature, T,, on the cumulus cloud fraction, C, which is calculated according to 

Eq. 2. These curves correspond to a) r = 0.55, a = 0.2 and b) r = 0.65, a = 0.3. 

The first case is contained in Table 2. Although no table is presented for the second 

case, it is noted that when a = 0.2 and C = 0.2, an increase in r from 0.55 to 0.65, 

results in a drop of the net input energy from « 80 W/m^ to « 75 W/m^ This 

example demonstrates the sensitivity of E„,t to the value of r while Table 3 gives the 

sensitivity of to C and a.

To convey the significance of the energy input, we take as an example a case where 

only 20 W/m- of the net radiative energy at the top of the atmosphere is available to 

heat the ocean water. We find that for these conditions, an ocean mixed layer of 50 

meter depth will be heated by about FC in 100 days. Measurements of the surface 

energy balance over the ‘warm pool’ region from the TOGA COARE program will 

be valuable in validating our conclusions.

The radiative convective model adopted here may be scrutinized further. In 

particular, one may examine the parameterization of the cumulus and cirrus cloud 

temperatures which are scaled in terms of the surface temperature. This parameter­

ization forces the cumulus and cirrus cloud temperatures to increase approximately 

by factors of 0.6 and 0.3, respectively, of the surface temperature increase. Thus, 

for small perturbations of T,, taking a constant lapse rate, one can note that the 

altitude and the pressure level of the clouds remain virtually unchanged. In this cou­

pled, cloud temperature system, as the surface temperature increases, infrared loses 

to space increases both from the surface and the clouds. This has a moderating effect 

on T. variations. If, however, as a counter example we take the temperature of the 

cumulus and cirrus clouds to be constant, then the heights of the clouds will increase



as T, increases. Moreover, the infrared loss to space will depend mainly on T,, and 

thus as a consequence, for a given increase in infrared opacity (such as that due to an 

increase in the CO2 abundance) of the atmosphere and clouds, T, will increase by a 

larger amount than that in the scaled cloud temperature case (see Table 3). This con­

stant cloud temperature scenario leads to a runaway greenhouse effect more quickly 

than the scaled cloud temperature scenario. The two formulations considered here 

are anticipated to cover a reasonable range of conditions. Thus, from the results pre­

sented here we expect that the coupled surface and cloud temperature model, which 

we adopted, will yield conservative estimates of the surface temperature variations.



4. Discussion and conclusions

Satellite cloud pictures in the visible channel show almost perpetual cloudiness 

over the western Pacific equatorial regions around Indonesia. These clouds have the 

potential to block a significant amount of solar input energy. Furthermore, it is 

well known from climatology that the western equatorial Pacific is a region of heavy 

precipitation as well cis being the area with the warmest sea surface temperature. The 

coexistence of these clouds and warm waters requires an explanation. The TOGA 

COARE program, in which several components of the energy balance pertaining to 

the ‘warm pool’ region will be measured, is attempting to explain this. The aim of 

this study is to show that optically thin cirrus clouds, which emanate from the anvils 

of convective storms in the ‘warm pool’ and cover the area extensively with sufficient

optical depth in the IR, can account for a significant net solar energy input locally 

into this atmosphere-ocean system. This net input amounting to about SO VV/m'-' 

may be largely responsible for the maintenance of the ‘warm pool’ regime.

Another important factor is the rain water addition. The low density rain water 

in the top layers of the ocean (Lukas, 1988) together with weak wind stress helps 

to maintain stable stratification and promote heating. Thus the ocean atmosphere 

system in the ‘warm pool’ through a set of positive feedback mechanisms retains a 

significant amount of solar energy to keep itself operating. A schematic diagram of 

the various dynamic and physical processes that lead to the formation of the ‘warm 

pool’ system is presented in Fig. 10. The two physical processes namely the optically 

thin cirrus and the addition of fresh rain water in the top layer of the ocean, i.e., a 
^eshwater len^are coupled to the ‘warm pool’ and aid in its maintenance. A clear 

implication of this schematic figure is that the solar energy, through monsoonal scale 

interactions and by localized heating aided by the thin cirrus, is directly responsible 

for the maintenance of the ‘warm pool’.



On a global scale, considerations of energy balance lead to the conclusion that 

although the sun is the ultimate source of energy, the greenhouse effect produced 

by gases such as H2O, CO2 and O3 is important in maintaining the relatively warm 

surface temperatures for the earth. While the transport processes in the atmosphere 

and oceans are primarily responsible for reducing the thermal contrast between the 

tropics and polar regions, they have a relatively minor influence on the global mean 

temperature. For these reasons, a radiative convective equilibrium model (e.g. .Ark- 

ing, 1991; Ramanathan and Coakley, 1978) which does not consider the large scale 

fluid transports may be used to calculate the global mean surface temperature as­

suming a tropospheric temperature profile that follows a prescribed lapse rate.

In a localized region, the fluid transport processes can have a significant influence 

on heat and moisture. If these processes are very rapid then the effect of any local 

energy input due to radiative convective processes will be reduced to a negligible level. 

On the other hand, if these transports are not rapid then a discernable temperature 

rise will result. Based on the satellite observations pertaining to a net radiative energy- 

input of « 80 W/m^ and to the thin cirrus clouds, that can enhance the greenhouse 

effect, we have inferred that the ‘warm pool’ region has a source of net radiative iii|nit 

and has a directly driven circulation. This forms the basis for our simple radiative 

convective equilibrium model for the ‘warm pool’ region. The current model is self- 

consistent and yields an understanding of the radiative and dynamic interactions 

prevailing in this region along with an explanation for surface temperature.
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Table 1. Relationship between the visible albedo 
and infrared emissivity of cirrus.

0.0
0.1
0.2
0.3
0.4
0.5

0.00
0.36
0.63
0.78
0.88
0.94



Table 2. Results obtained from Eq. 3 as a function of the 
cirrus albedo a and the cumulus fraction C (Note: in 
Eq. 3 the cumulus and cirrus temperatures are coupled to 
the surface temperature). (a) Surface temperature Tj .
(b) Effective albedo . (c) Effective emissivity

oo

0.1 0.3 0.5 0.7 0.9a \

0.0 317.8 315.4 310.1 303.9 296.7 288.1
0.1 327.1 324.7 319.5 313.7 307.1 299.4
0.2 334.1 331.7 326.6 321.0 314.9 307.9
0.3 334.2 332.0 327.3 322.2 316.7 310.7
0.4 330.0 328.0 323.8 319.3 314.6 309.5

(b)

C
a

o o 0 . 1 0.3 0.5 0.7 o KO

0.0 0.10 0 .15 0.24 0.33 0.42 0.51
0 . 1 0.18 0.22 0.29 0.36 0.44 0.51
0.2 0.26 0.29 0.35 0.41 0.47 0.52
0.3 0.35 0.37 0.42 0.46 0.50 0.55
0 . 4 0.44 0.45 0.49 0.52 0 . 5 5 0.58

(c)

0.0 0.1 0.3 0.5 0.7 0.9

0.0
0.1
0.2
0.3
0.4

0.63
0.51
0.42
0.37
0.34

0.62
0.50
0.42
0.37
0.34

0.59
0.49
0.41
0.36
0.34

0.57
0.47
0.40
0.36
0.33

0.54
0.45
0.39
0.35
0.33

0.51
0.44
0.38
0.35
0.33



Table 3. Net energy input at the top of the atmosphere (E„jt )
calculated according to Eq. 4 as a function of cirrus albedo 
a and cumulus fraction C when the surface temperature Tj 
is a constant (Tj = 301 K) .

0.0 0.1 0.3 0.5 0.7 0.9

0.0
0.1
0.2
0.3
0.4

71.0 
93.5

101.4
90.1
70.2

58.8 
82.6 
92.0 
82.5 
64.4

34.5
60.9
73.2
67.3 
52.7

10.1
39.1 
54.3
52.1 
41.0

-14.2
17.3 
35.5 
36.9
29.4

-38.5
-4.4
16.6
21.7
17.7



Table 4. Same as Table 2a except the cumulus and cirrus
temperature are not coupled to the surface and are given 
a constant value of 265 K and 223 K respectively. 
Reflectivity r of cumulus is 0.55.

a

Oo

0.1 0.3 0.5 0.7 0.9

0.0 317.8 316.6 313.1 306.4 288.7 ■*

0.1 333.0 332.5 331.1 328.5 322.2 283.1
0.2 354.9 355.3 356.2 358.0 361.9 379.8
0.3 374.3 375.3 377.9 382.5 392.7 434.4
0.4 395.7 396.9 400.2 406.1 419.0 470.1

The case where a = 0 and C = 0.9 is physically unrealistic 
since the incoming solar energy is insufficient to balance 
the outgoing IR when the cumulus cloud temperature is 
265 K.



Figure Captions

Fig. 1. Schematic figure of the mesoscale convective system
containing optically thin cirrus produced by spreading of deep 
convective cumulonimbus anvil. Depicted in the figure are 
a) weak cumulus underlying the cirrus, b) radiative processes 
at the sea surface and within the atmosphere including cumulus 
and thin cirrus, and c) energy transports in the atmosphere and 
the ocean.

Fig. 2. IRIS spectra observed over the tropical oceans.
(a) Cloud free tropical ocean spectrum.
(b) Maritime tropical spectrum contaminated by optically thin 
cirrus.

Fig. 3. IRIS spectra observed along one orbital track as the 
satellite passed northward from about 4“s, 167°E to 7“n, 164 E 
on October 16, 1970. The spectra are numbered 1 to 12 starting 
with 7®N as 1 and ending with 4°S as 12. Each spectrum is 
identified with its location and spectral details pertaining to
‘■n.t' AT and T,, The spectra are compacted along the ordinate
with separate ordinate values.

Fig. 4. Theoretical values of AT vs T,^ ^ for high-level (cirrus) 
spherical ice crystal clouds as a function of particle size and
optical depth. The solid isolines of particle size 
dashed isolines of optical depth X are identified

and

(Note: isoline of 3 jum is also dashed.).

Fig. 5. The temperature difference, AT, vs T/o.g derived from 
the IRIS data over the tropical oceans (10*N to 10°S).

Fig. 6. Frequency distributions of seasonal IRIS data
as a function of AT and T„_j over the lO^lat X 10* long oceanic 
regions for different seasons. Dashed vertical and horizontal 
lines delineate the thresholds on AT and T,(,.j.
Both total frequency and cirrus percentage are also shown.

(a) June, July, and August (5*N-5*S, 130‘'e-140"e) .
(b) June, July, and August (5*N-5“S, 90*W-100'’W) .
(c) September, October and November (S^N-S^S, 100"E-110°E).
(d) September, October and November (5"n-5"S, 120"w-130°W).



Fig. 7. Seasonal percentage cloud cover due to optically thin 
cirrus in the tropics between 25** N and 25**S. The numbers 
should be multiplied by 10 to get % cloud cover.

(a) April and May.
(b) June, July and August.
(c) September, October and November.
(d) December, January.

Fig. 8. Climatological sea surface temperature “C (from World 
Climate Research Programme, 1989) for

(a) June, July and August and
(b) November, December and January.

Fig. 9. (Left panel) Schematic diagram showing the energy balance 
model and its vertical structure in this study.
(Right panel) Surface temperature Tj computed according to 
Eg. 3. The curve with the symbol 'o' is for cumulus reflection 
r = 0.55 and cirrus visible transmission = 0.8 (i.e. «C = 0.2). 
The curve with the symbol 'a' stands for r = 0.65 and cirrus 
visible transmission = 0.7 (i.e. X = 0.3).

Fig.10. Flow diagram for physical processes in the convectively 
active oceanic regions responsible for maintaining the warm 
pools.
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SUMMER
Latitude: 5°N 5®S. Longitude: 130®E 140®E Latitude: 5®N 5®S, Longitude; 90°W lOO^W

?95

290

28S

280
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26S
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290

285
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2l>5

.-00
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2UJ

205

200

T T

10123456789 10

2 1 
9 8 7

5 8 2i_
3 ftO 17
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4 I 8
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6 I 6
4 |8

2 ■ 2
4

8
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7

5

3

2

2

1

1.

2

T T

10123456789 10

295 300

290 295

2te 2» 
280 285
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256
250
245
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225
220
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200
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280
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265
260
255
250
245
240
235
230
225
220
215
210
205
200

2 14
97 134 
31 18

24
43

7
2
3
3

1

b
Toi»t trcQuencv = 305 

C.rrus 44%
Total t?«Qucncv - 430 

Cttrus » 1%

FALL
Latitude; 5“N 5°S. Longitude; 100“E ~ 110“E Latitude; 5"N ~ 5”S. Longitude; 12D‘W ~ 130‘W

4
t‘i

; H 9 Ml 7 10 1?
3

4 5 6.: H. V M:

.**5 1
295 300

.•'«) :n5
J 3 3 J

290 -295 4 89
46 2

.'US 290
3 6

28S -290 19 58
12

.M) 2H5
1 n, 12 9 1

280 - 285 1 6 2
3 r.'HO ' 1 4 9 H 1

275 - 280 1
-■:o 2?5

4 5 8 1
270 - 275

It* 2^0 3 2 6 5 2 266 - 270
1

1
,«fiO 265

4 5 4 3
1 1 1 260 -266

1
1

255 260
2 1 1 1

256 - 260 1
250 255

2 1 6 2 1 1
250 -255 1

245 250
3 2 1 1 1
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240 - 245 1
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1 3
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1

1
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1
1

215 220 2 I 215 -220
1

210 - 215 \ 1
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205 210 . c 206 -210 1 d
200 - 205 200 - 205 1

200
195 200 1

Total trequeocv = 197 
Offus = 59%

Total frequency = 242 
Cirrus = 0%
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SIMPLE ENERGY BALANCE MODEL
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