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ABSTRACT

Observations and analyses of water vapor and clouds in the Tropics over the past decade show that the boundary
between regions of high and low free-tropospheric relative humidity is sharp, and that upper-level cirrus and high free-
tropospheric relative humidity tend to coincide. Most current studies of atmospheric climate feedbacks have focused on
such quantities as clear sky humidity, average humidity, or differences between regions of high and low humidity, but
the data suggest that another possible feedback might consist of changes in the relative areas of high and low humidity
and cloudiness. Motivated by the observed relation between cloudiness (above the trade wind boundary layer) and high
humidity, cloud data for the eastern part of the western Pacific from the Jafsuestationary Meteorological Satel-
lite-5 (which provides high spatial and temporal resolution) have been analyzed, and it has been found that the area of
cirrus cloud coverage normalized by a measure of the area of cumulus coverage decreases about 22% per degree Cel-
sius increase in the surface temperature of the cloudy region. A number of possible interpretations of this result are ex-
amined and a plausible one is found to be that cirrus detrainment from cumulus convection diminishes with increasing
temperature. The implications of such an effect for climate are examined using a simple two-dimensional radiative—
convective model. The calculations show that such a change in the Tropics could lead to a negative feedback in the
global climate, with a feedback factor of abefitl, which if correct, would more than cancel all the positive feedbacks
in the more sensitive current climate models. Even if regions of high humidity were not coupled to cloudiness, the feed-
back factor due to the clouds alone would still amount to alHhd6, which would cancel model water vapor feedback
in almost all models. This new mechanism would, in effect, constitute an adaptive infrared iris that opens and closes in
order to control the Outgoing Longwave Radiation in response to changes in surface temperature in a manner similar to
the way in which an eye’s iris opens and closes in response to changing light levels. Not surprisingly, for upper-level
clouds, their infrared effect dominates their shortwave effect. Preliminary attempts to replicate observations with GCMs
suggest that models lack such a negative cloud/moist areal feedback.

1. Introduction of cloudy moist air, which we will refer to as the iris
effect.

We begin with a general overview of atmospheric Our current intuitions concerning both the green-
feedbacks in order to establish the context for emptieuse effect and the role of atmospheric feedbacks owe
sizing the feedback arising from changes in the amgach to the one-dimensional models of the sort used

by Manabe and Wetherald (1967). Here, the atmo-
sphere is characterized by a single vertical distribution
of water vapor, and a specified mean cloud cover con-
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Fic. 1. Retrieval of relative humidity for the 500—-300-mb layer on 5 May 1995 from SSM/T-2 183-GHz soundings. Courtesy of R.
Spencer. See Spencer and Braswell (1997) for details of the observing and retrieval procedure.

a monthly mean; however, we wished to show a daiigtion of precipitation from high cirrus and, at levels
map as opposed to a monthly mean since radiatlmelow about 500 mb, by dissipating cumuli (Gamache
responds to the instantaneous distribution.] Althougimd Houze 1983; Betts 1990; Sun and Lindzen 1993).
microwave retrievals are less sensitive to the preseircgeneral, in the Tropics, high stratiform clouds are
of clouds, similar results were obtained from Televike source of high humidity, and the production of high
sion Infrared Observation Satellite (TIROS) Operairrus depends on the microphysics of rain formation
tional Vertical Sounder infrared soundings (Stephenéthin the cumulus towers (Emanuel and Pierrehumbert
et al. 1996). Results for all levels above 700 mb at896; Sun and Lindzen 1993). Condensed water va-
similar. Below 700 mb we have the turbulent trad®or that does not form rain freezes and is available to
wind boundary layer in the Tropics where humiditform cirrus outflow. The situation is schematically il-
tends to be relatively high everywhere. What we skestrated in Fig. 2. Although Fig. 2 shows only cirrus
is that the Tropics above the boundary layer is maodetflow near the top, in reality the outflow occurs over
up of regions that are very dry and regions that are varpproad range of heights.
moist. The transition between the two is sharp; this Consistent with the role of high cirrus clouds in
sharpness is not so apparent in monthly means. In viewisturizing the tropical troposphere, Udelhofen and
of the sharp transition between moist and dry regiomréartmann (1995) find a close correspondence between
a focus on average humidity in assessing feedbackmper-level cloudiness and high relative humidity. For
may be misleading. monthly means, they find that high relative humidity
The dry regions are generally regions of large-scaseconfined to within 500 km of the cloudy regions.
subsidence. The moist regions are more complicatetbwever, for daily retrievals the correspondence is
While they tend to be regions of large-scale ascent, thghter, though precise determination is limited by data
ascent is concentrated in cumulus towers that haesolution. Radiation, of course, responds to the instan-
small areal coverage (Riehl and Malkus 1958; Heldneous values of radiatively active substances rather
and Soden 2000). The bulk of the moist regions cdhan to their means. High clouds can be measured with
sists in descending air that is moistened by the evap@h spatial and temporal resolution from geostation-
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ary satellites. The measurement of relative humidity,
on the other hand, is difficult in the presence of clouds
and requires somewhat ambiguous “cloud clearing”
algorithms. The above results, however, suggest that
upper-level cloudiness might serve as a surrogate for
high relative humidity, thus obviating the need to ex-
plicitly measure the area of high humidity. We are
currently examining this issue using data from the
Clouds and Earth Radiant Energy System (CERES)
instrument on the Tropical Rainfall Measuring Mis-
sion (TRMM) satellite, but the full results will be pub-
lished separately. Note that in this view, the traditional
cloud and water vapor feedbacks are inextricably tied
to each other though the moist region is not at all to- Fic. 2. Schematic illustrating the moisturization of underlying
tally cloud covered, and it should be noted that the Iaér_by precipitation from cirrus outflow of cumulonimbus clouds.
diative properties of the cloudy moist regions will, of
course, differ from those of the clear moist regionsvarying cloud area. A very strong inverse relation is
A number of recent studies (Sherwood 199&und between cloud area and the mean SST of cloudy
Soderl998;Salathé antlartmann 1997; Pierrehumbertegions (which we refer to as the cloud-weighted SST).
and Roca 1998) have shown that in the dry regionsAghbiguities in the interpretation of the data are dis-
Fig. 1 the water vapor budget is in largely advectiaissed as well. However, we argue that a plausible
balance with no evidence of any other sources at @lkerpretation is that the results reflect a temperature
This limits the possibilities for altering the humiditydependence for the cirrus detrainment from cumulus
of dry regions. In addition, the moist tropical region®wers. This dependence appears to act assafvy
in Fig. 1 are very moist though not necessarily neanalogy with the eye’s iris) that opens and closes dry
saturation. regions so as to inhibit changes in surface temperature
In this paper, we will not examine how moistur@n contrast to the eye’s iris, which does the same in
might change within the moist and dry regions. Ratherder to counter changes in light intensity). Section 4
we will focus on the remaining possibility of a feeddses a simple two-dimensional radiative—convective
back residing in changing the relative areas of moisibdel to estimate climate feedbacks following from
and dry air in response to changes in surface tempehds interpretation; this section also includes a reexami-
ture. In calculations of feedbacks that would be asswtion of the relation of the area of moist air to the area
ciated with this effect, we will hold humidity fixedof cloudy air. Section 5 compares the observed behav-
within the dry and moist regions (or more preciselyor with the behavior of GCMs. Section 6 discusses
we fix emission levels). Since feedback factors apgssible implications for climate as well as the limi-
additive (see discussion in section 4), we can exatations of the present analysis.
ine the additional effect of feedbacks found in GCM
results by simply adding their feedback factors to that
of the area effect. Given the sharp transition betwe2n Discussion of the area feedback
moist and dry regions shown in Fig. 1, we may plau-
sibly expect that shrinking (growing) moist areas are In considering the feedback in the Tropics that
accompanied by growing (shrinking) dry areas. In sewight result from changes in the relative areas of the
tion 2, we discuss the area feedback in more detail, ang and moist regions, one should note that dynamics
in section 3, we describe how we can use higaffectively homogenizes temperature in the horizontal,
resolution cloud observations to evaluate this feesb that the dry regions act to cool the whole Tropics.
back, and present some preliminary results for tBeich a situation was graphically described by
period January 1998-August 1999. The obserRierrehumbert (1995) among others. Eddies act to
ationally based coincidence of cloudy and moist reeuple the Tropics to the rest of the globe.
gions is utilized in the subsequent theoretical analysis, An area feedback hinges on the factors that deter-
but the consequences of decoupling the two is examine cirrus detrainment from cumulus towers. In gen-
ined as well in order to isolate the specific effect @fral, detrainment of ice depends on the water substance
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carried by cumulus updrafts thatrst rained out
within the tower. This is determined by a competitio
between processes determining the rate of rain fornja-
tion, and processes such as convective available po-
tential energy (CAPE), which determine the tim
available for rain formation. Feedbacks will depend gn
the specific impact of surface temperature. Sun apd
Lindzen (1993), using the simple Bowen model fgr
coalescence (viz., Rogers and Yau 1989, p. 131),
assuming that cloud water content increases as surface
humidity increases (which for a given size spectru
of cloud water implies more cloud water droplets :
feed the growth of raindrops through coalescencep3™==="=======1 -
well as providing more water vapor for condensatiof) :
found that the growth rate of raindrops increased 19%
for a 2°C increase in surface temperature (assuming
fixed relative humidity in the boundary layer). Thg === " "= o Tmrrmeesnsmssmnnmmemsssse-
Bowen mechanism may well underestimate this effeft.
Such processes as stochastic coalescence accelgrate
raindrop formation nonlinearly. Moreover, the dra
exerted on cloud updrafts by falling rain would allo
more time for rain formation. Thus, the possibilit
exists that precipitation efficiency within cumulu
towers can increase significantly with increasing s
face temperature thus reducing cirrus outflow. To lhe
sure, temperature is not the only factor determining
precipitation efficiency within cumulus towers—a
point we will return to later.

Rather than attempt to deal with the complexities
of the cloud physics, we will try to determine the ex-
istence and magnitude of the area feedback directl
from the data. We will examine how the area covere
by upper-level cirrus varies with the average tempera-Fic. 3. Schematic illustrating change in cloud-weighted SST
ture of the cloud-covered regions. Essentially, vgge to cloud systems moving from the cz_entral position to col_der
arelooking at the average surface tempel’atua#,d warmer regions. Dotted horizontal lines correspond to iso-

. . . erms. Units are nominally °C.
weighted according to cloud coverage. We weight the
temperature according to cloud coverage because
cloud microphysics depends on the temperature IBtraus and Lindzen 2000) lead to varying distributions
neath the clouds and not the average temperature mfelow-level convergence and shifting patterns of
the whole domain. The origin of such temperatup®nvection.
changes depends upon, among other things, the timeTheoretically, given the short timescales associated
interval considered. Thus, over short periods of a weslth cloud processes, it seems likely that the depen-
or so, SST varies relatively little (over most regionsjence of the area of moist air on cloud-weighted SST
and cloud-weighted SST changes mostly due should not depend greatly on the specific origin of the
clouds, whose lifetimes are measured in hours, pahanges in cloud-weighted SST (i.e., whether the tem-
ping up in different locations characterized by diffejperature changes were associated with varying posi-
ent SSTs as illustratesthematicallyin Fig. 3. Over tions of clouds or with actual changes in SST).
longer periods, the situation is more complex. Not ortjowever, within limited regions, the seasonal and
are there changes in SST, but changing patternsniterseasonal changes in regime can, in principle, al-
surface temperature (Lindzen and Nigam 1987) atet the overall level of convection within the region.
propagating internal waves (Miller and Lindzen 1992ye will attempt to account for this by normalizing

29
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cirrus area by cumulus area, making use of the fact taabect some proportionality between cloud area and
the two correspond to different cloud brightness terie area of moist air; however, it is by no means clear
peratures. We expect that the area of moist air will beat the percentage change in the area of moist air will
proportional to the area of cloudy air. However, wiee the same as the percentage change in cloudy air—
lack supporting data comparable in time and spaggpecially given the somewhat arbitrary choices of
resolution to our cloud data and, hence, cannot be siimeshold temperatures. Since our aim is not so much
that the proportionality is simple. In our theoreticdb produce a definitive analysis as to obtain some idea
analysis we will consider a variety of possibilities. of the existence and magnitude of the effect, we will
A question may be raised as to the relevanceefamine a range of possibilities.
using data over only 20 months to assess feedbacksThe situation with respect to surface temperature
for global change. For timescales of months to yeasssomewhat more problematic. The primary available
(including ENSO), changes in SST are spatially irregdataset is the National Centers for Environmental Pre-
lar, and there need be no particular relation betwedintion (NCEP) data compiled by Reynolds and Smith
changes in cloud-weighted SST and domain-averad@894) from ship track and satellite observations. The
surface temperature, though increases in doma8&T is smoothly varying and does not change much
averaged SST will, of course, contribute to clouavithin a 1°x 1° region. Although there are regions
weighted SST. Indeed, as we will note in section 3, thédnere SST has a significant diurnal variation (at least
latter can be much larger than the former. Howevén, skin temperature) that is not accounted for here
for global change due to doubling C@lobal mean (Fairall et al. 1996), the magnitude of the diurnal varia-
temperature should be a suitable measure for clotidn is smaller than the large-scale SST variation.
weighted SST since presumably almost all tempefadrthermore, the air temperature is more relevant for
tures are proportional (at least in models). Even heogud microphysics, and this temperature has a smaller
the physically relevant temperature change for the addarnal variation.
of the moist region will be the cloud-weighted surface We have, so far, examined high cloud over the
temperature. It bears emphasizing that the physiegion 30°S—30°N, 130°E-170°W using cloud data
(precipitation formation, etc.) determining the area ffom GMS-5and NCEP SST for 20 months (1 Jan
the moist regions is fast, and hence such change4988-31 Aug 1999). The region is shown in Fig. 4.
area can be measured from short period fluctuatiombe region encompasses a wide variety of situations—
However, it is the same fast physics that determirespecially in the course of 20 months. For a heavily
the response to long period fluctuations. ocean-covered region, we may plausibly expect clouds
to be responding to surface temperature; over land, the
situation is likely to be more complicated since sur-
3. Explicit observational results face temperatures can respond rapidly to clouds. We,
therefore, restrict ourselves to the simpler oceanic re-
We wish next to examine the data to determimggons in this paper.
whether a significant feedback exists in the form of a Japan’s GMS is located above the equator and
response of the area of cloudy air to changes in th&0°E longitude. To estimate high-level cloud cover-
cloud-weighted SST. An advantage of measurimge both day and night, only the brightness tempera-
clouds is the existence of 11- and AB-channels, tures measured at the split-window channels (11 and
which can be used to detect clouds (Prabhakara etl@lum) are used. A GMS pixel is determined to be to-
1993) on geostationary satellites that obtain data witllly covered by high clouds if the brightness tempera-
high temporal and spatial resolution over fixed reédres at the 11sm channel 7)) is less than a
gions. Unfortunately, archives of most such data aebjectively selected threshold temperatiye,For
not readily available. However, we have been ablettick high clouds, the difference between the bright-
archive data from the Japanese Geostationary Metaess temperatures at the 42-channel T,) andT,,
rological Satellite (GMS) since January 1998. Wheas small, which can be used to differentiate thick clouds
clouds are viewed with high time and space resolutidrom thin clouds (Prabhakara et al. 1993). This thresh-
they appear very patchy with the patches moving abold temperature differencel fdepends upon the spec-
very substantially over short periods. Given the physal ranges of the split-window channels. For the GMS
ics illustrated in Fig. 2, we expect that these clouds withannels, clouds are empirically determined to be thick
moisturize the air between close by patches. Thus ivéhe temperature differenceT dis less than 1.5 K.
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Hourly high cloud area in a ¥°1° latitude—longitude and
region is estimated using the 5-km resolution pixels.

The displacement of cloud systems depends on
large-scale conditions. The timescale of clouds is — z A Trcoso
much smaller than that of the SST. When the cloud T= W
systems appear in a warm oceanic region, they are
expected to be modified by the SST nearly immedi-

ately. SST will also respond to clouds, but at a mugfhereA is the cloud amount (ared)js the SST@is

slower pace. Thus, the modification of clouds by Ighe |atitude, and the subscriptdenotes 1% 1°
cal SST can be studied by correlating high cloud ang@tude—longitude regions.

to the local SST. The results for the 20-month period are shown in

For a large oceanic domain, the mean high-clogglys. 53 and 5b. Figure 5a corresponds to channel 11's

amount (area) and the mean SST beneath high clogeightness temperature being less than 260 K, corre-
are computed from sponding to upper-level clouds, while Fig. 5b shows

the subset of clouds in Fig. 5a for which the channel

Z Acosf, 12 brightness temperature is within 1.5 K of Channel
11, which, as we discussed earlier, corresponds to
z cosf, thicker clouds. Several points should be noted: 1) there
is a substantial scatter to the points, which is to be
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expected since precipitation efficiency - T2 S0S-30N; 130E-170W T11<260K;dT<1.5K 30S-30N:130E-170W

T T T (T T T T T T T T T T TTTTToT] 0.25 [ N R R RN R R R
does not depend only on temperature; ; ,, [ y=0-7608-00216 x a7 | . y-0.6196-0.0186"x b ]
our interest is in whether thereisa disz ¢,5 - - FENELA I E
cernible and statistically significantg oo s, & 8

dependence on temperature that o.1s ¢

Ciloud Amount

emerges from the scatter; 2) the cow: o.10 f RUE S A el SR
erage of thicker clouds is considerably ©o°s | T Tk T
less than the coverage of all clouds; *%siusissr virsamamsmmams  ©%%asisos s omr o smorns
and 3) Figs. 5a and 5b both show a re- Cloud-Weighted SST Cloud-Weighted SST (‘C)
duction of cloud amount (area) by

. . T11<220K 308-30N; 130E-170W 30S-30N; 130E-170W
about 15% per 1-K increase in cloud- o.0s grrrrrrrrrrrrrmrrrreerrrmrrererereg 20 frrrermrrT T T
weighted SST, which suggests that 007 p*= %0000 - poyss2aese o d
both measures are proportional tg >° | wr g e .

. ] 3 0.05 oo w e 3
overall cloudiness. A straightforwards ., -
statistical analysis of the results shows o.os |
. . [&3 Fo
that the standard deviation for the °°2:
slope amounts to about 11%. In other 22; N
WOI’dS, using 3 times the standard  25.526.026.527.027.528.028.529.029.5 25,526.026.527.027.528.028.529.029.5
deVIa'[IOH as our Uncertalnty the de_ Cloud-Weighted SST Cloud-Weighted SST

crease for anincrease of 1 Kin cloud- Fe. 5. Scatterplots showing how cirrus coverage varies with cloud-weighted SST

weighted SST lies between 10% antdr both “all” (a) upper-level clouds and (b) thick clouds. Also shown is (c) the varia-

20%. tion of cumulus area with cloud-weighted SST and (d) the variation of cirrus cover-
One interpretation of Figs. 5a an ge normalized by cumulus coverage. Data points correspond to daily averages. (See

5b is that detrainment diminishes withext for detalls.

cloud-weighted surface temperature.

However, this is hardly the only interpretation. Faelf. Indeed, the fact that cumulus convection appears
example, changes in high cloud area might be assdoihave been increasing somewhat, suggests that the
ated with changes in the amount ofcumulus converea effect in Figs. 5a and 5b is likely toureleresti-

tion (as might be caused by changes in low-levelated,since increasing convection would generally
convergence due to either seasonal changes in $&d to more rather than less upper-level cloudiness
pattern or the penetration into the Tropics of extratr(since the cumuli are the primary source for upper-
pical systems) rather than in changes in detrainmémtel clouds, which are primarily cirrus). The areal
from cumulus. To test for this possibility we examineoverage for cumulus towers even within the cloudy
the dependence of cloud coverage for channel fegions is small (ca 2%)—especially when one con-
brightness temperature less than 220 K. Here we sigers that at any given moment most cumulus tops
looking primarily at the cold tops of cumulonimbusepresent dying rather than active cumulus.

towers, and for the purposes of this initial study, that A more useful diagnostic of the detrainment effect
is how we will interpret this measure. However, ivould be the area of high cloud normalized by the area
should be clear that this measure is approximate at lmfstumulus. This is shown in Fig. 5d. Here, we see that
since there are also stratiform clouds associated wtie scatter is reduced, and the area of high cloud per
such low brightness temperatures, and there are cunomit area of cumulus decreases by about 22% per de-
lus towers associated with higher brightness tempegaiee Celsius increase in cloud-weighted SST.
tures. The results are shown in Fig. 5¢. We do not shBeflecting the reduced scatter, the standard error for
results for thicker clouds since these did not differ frothe slope is about 8%. Again using 3 times the stan-
what is shown in Fig. 5c; that is, all these clouds adlard deviation as our uncertainty, the decrease for an
thick. We no longer see a clear reduction with increaserease of 1 K in cloud-weighted SST lies between
ing cloud-weighted temperature; indeed there is1&@% and 27%.

small increase. This supports the identification of what A potential problem here is that area may not be a
we see in Figs. 5a and 5b as being mostly due to vasliable measure of cumulus activity. The mass flux
ing detrainment from cumulus convection rather thamcumulus towerdVl , is given byM_=pw A , where

c c ¢’

any change in the amount of cumulus convection j-, w,, andA,_ are the density, mean vertical velocity,

[Ac(260)-Ac(220)] / Ac(220)
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and the area of the cumulus convection. Chanlging occur for changes in CAPE—a matter discussed later
might result from changing_as well ash, (as might in this paper). If we refer to the area of high stratiform
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cloud asA, then &/M)=(A/A)(I/pw.); w_ is gener-
ally reckoned as more likely to increase than to de-
crease with increasing SST. Therefore, the results
shown in Fig. 5d are likely to lead to underestimating
the detrainment effect.

The utility of the normalized area as a diagnostic
becomes especially clear if we restrict ourselves to
regions where we can be certain that temperature
changes are associated with shifting patterns of con-
vection. This is the case, for example, for regions re-
stricted to one side of the equator. Seasonal changes
involving the motion of the ITCZ no longer cancel out
as they tend to when both sides of the equator are con-
sidered. Thus, in Fig. 6a we see the same sort of scatter
diagram as in Fig. 5a, but for the region 15°S—equa-
tor. Now, the stratiform high cloud area is increasing
with cloud-weighted temperature in distinct contrast
to Fig. 5a. In Fig. 6b we show the counterpart of Fig. 5¢
for the new region. Here we see that the area of deep
cumulus is also increasing with cloud-weighted tem-
perature. The points in Figs. 6a and 6b with low cloud-
weighted SST and low fractional cloud amount come
from those days in the southern winter months when
the ITCZ is north of the equator. The opposite is true
for the points with high SST, which correspond to
those days when the ITCZ is south of the equator in
the southern summer months. However, in Fig. 6¢ (the
counterpart of Fig. 5d) we see that the ra{ié, de-
creases with cloud-weighted temperature approxi-
mately as it does in Fig. 5d.

It should be noted that Figs. 5d and 6¢ suggest that
a simple linear regression may not be entirely appro-
priate. Indeed, the variation seems more rapid at lower
temperatures and larger areal coverage—consistent
with the interpretation as a percentage change per de-
gree Celsius change in cloud-weighted SST. This is
confirmed by plotting the log of the rat&/A (not
shown). Now, the cluster of points all follow a linear
pattern with a slope corresponding-#4.7%+ 5.6%
per degree Celsius (for the case considered in Fig. 5d),
and to—38.7%+ 10.95% per degree Celsius (for the
case considered in Fig. 6¢). In general, these results

Fic. 6. (a), (b) Scatterplots showing how cirrus and cumulus
coverage varies with cloud-weighted SST for a subregion of Fig. 4
(15°S—-equator, 130°E-170°W); (c) also the variation of cirrus
coverage normalized by cumulus coverage with cloud-weighted
SST. (See text for details.)
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suggest a somewhat greater effect than was dire&lyNo Feedback Case

inferred from Fig. 5d. However, for subsequent cal- g AQ

culations, we will stick with the smaller estimate. »@__» s, |— A,
A final alternative to be considered is that the ob-

served high stratiform cloud cover is largely uncon- AT,=G,AQ

nected to convection, as might occur if there were
incursions of stratiform systems from the extratropidg. Feedback Case
In such a case, the conceptual picture illustrated in ,o

Fig. 2 would be inappropriate. Apart from the fact that __»@_) G, |~ a7
this is largely inconsistent with the full results we have

presented, it would also lead to dependence on cloud- AT=G(AQ+FAT)
weighted SST being different depending on whether

the weighting was based on high stratiform clouds or
on cumulus. While the behavior is close, we are ex-
amining this matter in greater detail. Fic. 7. Schematic illustrating operation of feedbacks.

Finally, we should also note that cloud-weighted
SST varies much more with time than either SST or
mean SST. The fact that cloud microphysics deperitie external forcingAQ. The response is now,
on cloud-weighted SST gives us a much larger d§T = G(AQ + FAT). The quantityG FAT is the (no
namic range to examine, which, in turn, is importaféeedback) system response to the fed-back FAX,
for reliable determination of the effect of cloudSolving for AT, one getsAT = G AQ/(l — G,F)
weighted SST. That said, it bears repeating that cirra\T /(I — G)F). The quantityG F is sometimes re-
detrainment cannot depend on surface temperatteged to as the feedback factrit is simply the re-
alone. What we have attempted to do is to isolate tspbnse of the climate system to the fed-back flux
part of the dependence which is on SST. (nondimensionalized by 1°C) resulting fraxdh = 1C.

In view of the above discussion, we feel that it isla the present case, this is associated with 22% reduc-
plausible possibility that we are looking at a temperten in the area of tropical upper-level cirrus. Note, that
ture dependence of detrainment, and we turn nexthe netresponseAT, is not the same as the response
examining the potential radiative implications of sudio the fed-back flux alone. Note as well, that if there
pronounced changes in the area of the moist regioaie several independent feedbacks, each will contribute
This is as much an exercise to determine whether itssflux additively to the node, arids replaced by f .
iris mechanism is capable, even in principle, of being Thus, to evaluate the feedback factor due to chang-
significant, as an attempt to determine climaiag the relative area of the moist region, we must cal-
sensitivity. culate the response of the climate system to such

changes. This is readily dealt with using a very simple

model. We divide the world into three regions: the

4. Simple radiative-convective moist Tropics, the dry Tropics, and the extratropics.

assessment of feedback For purposes of evaluating outgoing longwave radia-
tion (OLR), we further divide the moist region of the

Before calculating the implications of the above fofropics into a cloudy—moist region covered by upper-
feedbacks, it is important to understand feedbadksel cirrus, and a clear—moist region clear of such cir-
more generally. Figure 7a shows a schematic for thes. For this reason, we refer to the model as a 3.5-box
behavior of the climate system in the absence of feededel. This approach to the Tropics is supported by
backs. The circle simply represents a node, while tthe sharp transitions illustrated in Fig. 1. The model
box represents the climate system that is characterizeilustrated in Fig. 8. We take each region to have a
by a no-feedback gai,. The climate system acts orlapse rate of 6.5 K krh The use of a moist adiabat
a radiative forcingAQ, to produce a no-feedback rewould certainly be more accurate, but would make
sponse AT, = G AQ. Figure 7b shows the situationiittle difference for the present calculations. Both tropi-
when a feedback process is present. Here, an additi@adlregions are taken to have cloud-capped trade cu-
forcing flux is produced that is proportional to the ranulus boundary layers. Also, the tropical regions are
sponseAT. This flux is writtenFAT and is added to both taken to have characteristic surface temperatures

FAT
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Tropics of about 261 K (and a characteristic emission level of

A, , about 5.7 km). Consistency with ERBE full sky OLR
Extrafropics for the Tropics then requires that OLR from the cloudy

A, A, A, moist area of the Tropics be about 138 W, worre-

sponding to an emission temperature of about 222 K
(and a characteristic emission level of about 11.7 km).
o The characteristic emission level of the extratropics is
ot taken to be at 4.5 km. The complete choice of param-
eters is given in Table 1. Although ERBE values do
. not completely constrain these choices, the precise
v T, choice of most individual parameters did not matter
much to our final results as long as ERBE values were

. approximately matched. This is particularly true for

b the choice of the current value of the moist fractional
-~ area as well as the fractional portion of this area cov-
T,=T,+ 10K T T..=T-10K ered by upper-level cirrus. Whatever values we chose

for these, once tuned to match ERBE (full sky) results,
led to similar results when perturbed. Finally, we
Simple 3.5-box model for the Greenhouse Effect  should note that for purposes of calculating reflectiv-
due to clouds and water vapor ity in the Tropics, we allow for random overlap of
Fic. 8. The 3.5-region model for two-dimensional calculatlo pper- and lower-level clouds. Therefore, we must
of radiative—convective equilibrium. Symbols are defined a'St'”gu'Sh (A) regions with only upper-level clouds,
Table 1. (B) regions with both upper and lower-level clouds,
(C) regions with only lower-level clouds, and
(D) cloud-free regions. This is illustrated in Fig. 9.
that are 10 K warmer than the mean surface tempera-The information in Table 1 permits us to calculate
ture, while the extratropical region is taken to havetetal reflectivity in each of the regions, from which we
characteristic surface temperature 10 K colder than ttaa then calculate the net incoming solar radiation: net
mean surface temperature. (In models, at least, thei@ming solar radiation € = Q(Q,(A, (1 - tr_)
are amplified high-latitude responses, but these aré,(1-tr))+A Q. (1-tr_)), and net reflectivity will
restricted to small areas, and make little differencegmmply be (1- Q/Q ).
extratropical means.) We assume the current value ofThe net OLR consists simply in Planck blackbody
moist fractional area to be 0.25, and choose the rem@&mission from the characteristic emission levels in the
ing parameters so as to be consistent with the glofmir regions:
mean temperaturd,, being 288 K, and match Earth
Radiation Budget Experiment (ERB) observations

(Barkstrom 1984), which show a planetary reflectiv- A B c D
ity of 0.308, a tropical clear sky reflectivity of 0.13, a —— Hananaon — Low o -
tropical reflectivity of 0.241, an extratropical reflec+ % ony ©couds 1 ony :

overlap

tivity of 0.403, a planetary emission temperature of
254 K, a tropical emission temperature of 259.1 K, and
an extratropical emission temperature of 249 K. The
moist region is taken to have high relative humidity
and high-altitude cirrus, both of which lead to eIevatéd , : :
characteristic emission levels. Consistent with ERBE, L e R
the OLR from tropical dry regions is about 303 Wm: : : :
corresponding to an emission temperature of abaut

270 K (and a characteristic emission level of a little

over 4 km). From both ERBE and radiative calcula®
tions, the OLR from clear-moist regions is about f. 9. Different arrangements of stratiform clouds considered.
263 W m?, corresponding to an emission temperatu(®ee text for details.)
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TasLE 1. Parameter selection in 3.5-box greenhouse model.

Parameter Description Value
A Relative area of tropical moist region 0.25
A Relative area of the Tropics 0.5
W=A A, Relative area of tropical dry region 0.25
= 1-A Relative area of extratropics 0.5
f, Fractional coverage of high tropical clouds 0.44
(within moist region)
R e Relative area of cloudy tropical moist region 0.11
eamoist— (L= TA,, Relative area of clear tropical moist region 0.14
ftmpicalclou o= FAA Tropical cloud fraction 0.22
r, Reflectivity of high tropical clouds 0.24
f Fractional coverage of tropical low cloud (trade 0.25
cumuli, etc.)
r Reflectivity of tropical low clouds 0.42
r Clear sky reflectivity in the Tropics 0.13

bt

t =1-¢,+0.07)

t=1-¢ +0.07)
L, r O
_ |
rhl—rh"'@hl_ 0
] Wh O
tt
thlzl_hI
Ml
t2r
=1+ h bt
1“%%
t2r
g =y +—12
1-r,r,
t2r
o=+ 1 Tt
1_nM
I'D:rbt

Transmissivity of high clouds (allowing for absorption)

Transmissivity of low clouds (allowing for absorption)

Reflectivity due to overlapping high and low clouds

Transmissivity due to overlapping high and low clouds

Total reflectivity for region A in Fig. 9

Total reflectivity for region B in Fig. 9

Total reflectivity for region C in Fig. 9

Total reflectivity for region D in Fig. 9
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TasLE 1. Continued.

Parameter

Description Value

fcm: fh + (l_fh)f|

t

try, = f,(L=f)ry + f firg

+(1-f)fr,
+ (1_ ftcm)rD

tr="fr.+@Q-f)r,

tr .=
tropics A:m - AH
tr,
Ts
T,=T,+10K
T.=T.,-10K
ecloudymoist Tst - 76K
Teceamais= Ts— 37K
T,=T,-27.6K

T.,.=T,-293K

— A:mtrcm + Aitrd

Fractional cloud coverage for tropical moist area

Total reflectivity for tropical moist area

Total reflectivity for tropical dry area

Total reflectivity for the Tropics 0.242

Total reflectivity for the extratropics 0.403
Mean surface temperature

Tropical surface temperature

Extratropical surface temperature

Emission temperature from tropical cloudy—moist region

Emission temperature from tropical clear—moist region

Emission temperature from tropical dry region

Emission temperature from extratropics

Q, Mean solar irradiation o(254KY/(1 - 0.308)
Q Relative solar irradiation in Tropics 1.174
Q. Relative solar irradiation in extratropics 0.826
net OLR = Having tuned our simple model to replicate ERBE
measurements, we proceed to viary. ., Although
C(T) = (A puaymoist A ool eceamose W€ have argued that the area of moistAyjy, should
+ATH AT ). follow f i aoua 1S 1S ONly the latter that has been ob-
served. Thus, we talkg | ..~ 0-22(1+ ), letting

Note that convective adjustment, here, consistsofange from-0.3 to+0.3. We also také, = 0.25(1
fixing the relation between surface temperature and they). If A__follows the area of cloudy moist air, then
temperature at the characteristic emission levels. y = 1. However, we also examine results jfor 0.5

Finally, we obtain the mean surface temperature agd 0. (This issue is being separately examined using
equating net incoming solar radiation to net OLR: CERES data from TRMM:; preliminary results suggest

CM)=Q=T.

428

y=~ 0.75). Everything else is held constant. In particu-
lar, the amount of cumulus convection is assumed to
be constant so that the relation betwéen_  and

ropicalcloud
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cloud-weighted SST should be proportional to the de- : 0.324
pendence shown in Fig. 5d.
Figure 10 shows how global mean temperature
varies with the area of tropical upper-level cloud. Also™
shown in Fig. 10 is the variation of global reflectivs g
ity. The latter varies fairly little since substantial res ‘ = 0308
flectivity is due to the clouds capping the boundary e 2
layer and to the surface reflectivity. However, the glo- - : y
bal mean radiative—convective surface temperaturgr |—=~_~1 - =05 - 0.300
varies substantially indicating the dominance of the e Global reflectivity
infrared effect of the moist region. Under the interpre-
tation of the observations in section 3, that the changg o om  om om  om  or om 0292
ing upper-level cloud area is due to the changing Tropical Upper Cloud Fraction
cloud-weighted temperature per. se, then th(? cloud ar€g. 10. calculated variation of global mean temperaflre,
changes 22% for a 1°C change in cloud-weighted Sxlarea (relative to the Tropics) of the tropical cloudy region. The
(Fig. 5d). Under conditions of global warming, weurves for different’s correspond to the different degrees to
assume that both global mean temperature and clowbich the area of moist aid,, might follow the area of cloudy
weighted surface temperature increase together. #{sHere. = 1 corresponds to both changing together, whid®
already explained, the response'l’gb this change in ::orrespond; to the area of moist air remaining unchanged. (See
. . ext for details.)
cloud area will constitute the feedback fac®yK or
f). Roughly speaking, a 22% reduction in this area
(from a base of about 0.22) leads to about a 1.1°C response to a doubling of GQvhich in the absence
duction in global mean temperature jor 1, 0.7°C of feedbacks is expected to be about 1.2°C, would be
for y = 0.5, and 0.45°C for = 0, implying feedback reduced to between 0.57° and 0.83°C (depending on
factors of-1.1,-0.7, and-0.45. Essentially, the y) due to the iris effect.
cloudy—moist region appears to act as an infrared In some respects, the iris effect can be considered
adaptive iris that opens up and closes down the te-be independent of the positive feedbacks found in
gions free of upper-level clouds, which more effecarrent models. The response of current climate GCMs
tively permit infrared cooling, in such a manner as tw a doubling of CQranges from 1.5° to 4°C. This
resist changes in tropical surface temperatureorresponds to positive feedback factors ranging from
Moreover, on physical and observational grounds, @2 to 0.7 [with the model water vapor feedback fac-
appears that the same applies to moist and dry regiote: typically contributing 0.4; Lindzen (1993);
Our model includes the fact that dynamics ties terSehneider et al. (1999)]. The inclusion of the iris feed-
peratures everywhere together and determines Haek more than cancels the model positive feedbacks
mean meridional gradient. The feedback factor is fiormost cases. This is illustrated in Table 2. (Note that
the effect of the Tropics on the global mean. Thus, tathough we retain three significant figures for conve-

4 = 0.316

Global reflectivity

TasLe 2. Modification of climate sensitivity in presence of both model feedbacks and various modifications of the iris feedback.

Iris GCM GCM Total Total Net Net Response Response

feedback feedback feedback feedback  feedback gain gain tx2CO, to2x CO,

factor (f) factor (f) factor (f) factor (f) factor (f) 1/(2-f) 1/(1-f) (°C) (high)  (°C) (low)
(high) (low) (high) (low) (high) (low)

-1.1 0.7 0.2 -0.4 -0.9 0.71 0.53 0.852 0.636

-0.7 0.7 0.2 -0.0 =05 1.0 0.67 1.2 0.804

—-0.45 0.7 0.2 0.25 -0.25 1.33 0.8 1.596 0.96
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nience in computation, nothing in the data suggests 9805-06 (30S-30N, 120E-170W)
this level of accuracy.) 0.30 ‘ ‘ ‘ ‘ ‘

The iris effect acts to reduce the sensitivities from ] i
the range, 1.5°-4°C, to the range 0.64°-1.6°C. The fe- ; a
duced sensitivity is within the range of many sensg .20l
tivity estimates including the relatively low estimates
obtained from the observed response to a sequenc§ 0f0.15 -
volcanoes by Lindzen and Giannitsis (1998) and tke
more conventional estimate of North and Wu (2001
This, however, is not meant to suggest that the range 0.05
of feedbacks found in present models is necessarily
correct. Rather it is meant to show the impact that the ¢_go L , L
iris effect would have on these model results. 26.0 26.5 27.0 27.5 28.0 28.5 29.0

Cloud-Weighted SST (K)

0.10 -

5. GCM assessment 9805-06 (30S-30N, 120E-170W) - model
08 B T T T N T
The present results suggest a useful set of diagnos-
tics to be applied to GCMs. A preliminary attempt to 0.7¢ b ]
replicate the presence of the feedback using a GGM 6l °

consisting in the National Center for Atmospheri§
Research (NCAR) Community Climate Model, verz ¢ 5
sion 3.3.6 (CCM3), physics and a dynamic core d§-
veloped by S. J. Lin at the National Aeronautics arg 0.4 |-
Space Administration (NASA) Goddard Space Flight i
Center, forced by the same SST data used for the ob-9-3 |
servational analysis, fails to indicate its presence. The S ‘ ,
GCM study is based on comparison of the high cloud 260 26.5 27.0 27.5 28.0 28.5 29.0
fraction generated by the CCM3 physics, which con-
sist of random-overlapping convective clouds and
humidity-dependent layered clouds between 50 andFic. 11. Scatterplots showing how cirrus coverage varies with
400 hPa (see NCAR 2000). A comparison of Obsépud-weighted _SST for both observations and the Data Assimi-
vational and model results for the period May—Ju ion Office climate GCM forced by the SST. (See text for
1998 is given in Fig. 11. The GCM scatter suggest%talls')
no systematic response of cloud area to cloud-
weighted SST although the formal regression actuadlpart from implications for climate sensitivity. From
suggests a positive rather than a negative dependetfeeexisting literature, moreover, we know that at least
Comparisons with other models [the Center faome modelfail to show thesharp delineation beeen
Ocean-Land-Atmosphere Studies (COLA) and sawoist and dry regions, andderestimate the differences
eral versions of NCAR’s CCM3 models have bedretween dry and moist regions (Roca et al. 1997).
examined so far] also show profound differences from
observations regardless of whether diagnostic or prog-
nostic cloud formulations were used. However, tié. Discussion
modes of failure differ somewhat from model to
model. Detailed comparisons will be made in a sepa- Given the limited period and region considered as
rate paper in which we hope to have additional mode¢ll as the incompleteness of spectral data at suitable
comparisons. spectral, temporal, and spatial resolution, and the limi-
The failure of models to replicate observed relgations of the SST data, in addition to the possibility
tions between upper-level cloud coverage and cloud-alternative explanations of the data, the present re-
weighted SST is important for such matters asilts must still be regarded as tentative at best. There
coupling between the atmosphere and the surface qretmain, as well, the possibilities that under conditions

Cloud-Weighted SST (K)
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of global warming due to increasing CGAPE might ner as to translate changes in the dynamic heat flux
change as might the amount of convection (althoughtween the Tropics and the extratropics into changes
the present results suggest that the second possibititthe global mean temperature rather than simple self-
is small unless accompanied by changes in the patteanceling changes in the Tropics and extratropics.
of SST). If CAPE increases, the time available for raifhus, it is by no means clear that the thermostatic pro-
formation would decrease,and this might diminish tleess described in this paper would not increase natu-
present feedback. There are indeed arguments andrabvariability in global mean temperature—in contrast
servations that suggest modest increases for wartethe findings of Hall and Manabe (1999).
climates (Emanuel and Bister 1996; Rennd 1997). Whether the iris feedback ultimately proves as ef-
Nonetheless, given the low climate sensitivity implie@ctive as our results suggest, the inability of existing
by the iris effect, and the plausible expectation that diftodels to replicate the relevant observations suggests
ferences in CAPE comparable to what might be etke need for model improvement in an area potentially
pected from future climate change are to be fouwdicial to the determination of climate sensitivity. It
within the region shown in Fig. 4, we would not exalso suggests that the range of climate sensitivity found
pect the iris effect to be significantly reduced undér current models need not constrain the real range—
conditions of doubled CO especially at the low end. The present results suggest
We are thus left with evidence for a potentialljhe importance of improved data (including, e.g.,
effective negative feedback in the Tropics. In the ab83-GHz sounders on geostationary satellites so as to
sence of changes in those processes that have a nudjtain observations of water vapor at the same time
effect on the equator-to-pole heat flux, this also inhibnd space resolution as the cloud data) in order to more
its global change. This was the situation assumedfitmly identify the nature and magnitude of the feed-
section 4. The existence of global change, whose éack described in the present paper. Finally, it would
istence is amply recorded in the paleoclimatic recofigg interesting to develop a parameterization of the
would, if the feedback described in this paper provpsocess discussed in this paper for implementation in
correct, demand changes in those factors that de®GCM so as to see how the climate behavior of the
mine the equator-to-pole temperature difference m®del would be altered. This would address the chal-
noted in Lindzen (1993). Examples are changes in fkage put forth in Held and Soden (2000); namely that
intensity of the Hadley supply of momentum to thexplicit processes be suggested that might reduce the
subtropical jet (Lindzen and Pan 1994; Hou 1998) anater vapor feedback so that these processes could be
changes in the differential heating as might be prohecked in GCMs. It would, of course, be of interest
duced by large-scale high-latitude snow cover to see how model climate sensitivity is affected.
changes in the ocean heat transport. In the presenddmfever, as noted earlier, it is likely to be of compa-
a strong negative feedback in the Tropics, sucdble interest to see how the parameterization affects
changes would also be accompanied by changesuich matters as air—sea coupling and climate drift.
global mean temperature, but the primary character-
istic of such climate change would be the change in AcknowledgmentsThe efforts of R. S. Lindzen were sup-
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