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ABSTRACT

A key disagreement exists between global climate model (GCM) simulations and satellite observations
of the decadal variability in the tropical-mean radiation budget. Measurements from the Earth Radiation
Budget Experiment (ERBE) over the period 1984-2001 indicate a trend of increasing longwave emission
and decreasing shortwave reflection that no GCM can currently reproduce. Motivated by these results, a
series of model sensitivity experiments is performed to investigate hypotheses that have been advanced to
explain this discrepancy. Specifically, the extent to which a strengthening of the Hadley circulation or a
change in convective precipitation efficiency can alter the tropical-mean radiation budget is assessed.
Results from both model sensitivity experiments and an empirical analysis of ERBE observations suggest
that the tropical-mean radiation budget is remarkably insensitive to changes in the tropical circulation. The
empirical estimate suggests that it would require at least a doubling in strength of the Hadley circulation in
order to generate the observed decadal radiative flux changes. In contrast, rather small changes in a model’s
convective precipitation efficiency can generate changes comparable to those observed, provided that the
precipitation efficiency lies near the upper end of its possible range. If, however, the precipitation efficiency
of tropical convective systems is more moderate, the model experiments suggest that the climate would be
rather insensitive to changes in its value. Further observations are necessary to constrain the potential
effects of microphysics on the top-of-atmosphere radiation budget.
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1. Introduction

It is often assumed that on large spatial and temporal
scales, the balance between reflected shortwave (SW)
and outgoing longwave radiation (OLR) is highly
damped. Recent satellite measurements, however, have
revealed unexpectedly large, decadal-scale variations in
these quantities. Wielicki et al. (2002) compiled data
from the last two decades of satellite measurements of
radiative fluxes from both the Earth Radiation Budget
Experiment (ERBE), and the Clouds and the Earth’s
Radiant Energy System (CERES) instruments. Aver-
aging over the Tropics, this collection of measurements
showed that the OLR has increased by ~5 W m~? over
the period from the mid-1980s to the late 1990s and that
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the reflected SW has decreased by about 2 W m ™2 over
the same period. Both OLR and SW changes occurred
primarily in cloudy skies. More recently, it was recog-
nized that some of the trend is related to a slight drift in
the altitude of the satellite (Wong et al. 2004). This can
accurately be corrected by a simple scaling of the data
by a known factor over time, and the resulting time
series is shown in Fig. 1. While the magnitude of the
OLR signal is slightly decreased relative to what was
shown in Wielicki et al. (2002), the reflected SW signal
is increased, which leads to a positive trend in the net
radiative gain of the Tropics.

There are currently two different explanations that
have been suggested for the observed trends: one in-
volves changes in the tropical atmospheric circulation
and the other cloud microphysics. Chen et al. (2002)
analyzed upper-tropospheric humidity, cloud amount,
surface air temperature, and National Centers for En-
vironmental Prediction (NCEP) reanalysis vertical ve-
locities. They found that the decadal trend in tropical



3190

1 D T T T T T
—— Observation

5 |k —— Models: Mean |

Radiative Anomalies (Wm'z)

- —— QObservation | 1-5
-—-— Models: Mean SW
5 t
0H
-5 | —— Observation vJ i
—— Models: Mean NET
_10 'l 1 ' A L 1 L 'l L 1 'l I A
1985 1987 1989 1991 1993 1995 1997 1999

Time (Year)

F1G. 1. Comparison of the observed OLR and reflected SW
anomalies for the Tropics with climate model simulations. The
red, blue, and green lines are the satellite records of OLR, re-
flected SW, and net TOA radiation, respectively, averaged from
20°S to 20°N. The model results are shown by the gray band and
the black dashed line. The dashed line shows the mean of all five
models, and the gray band shows the total range of model anoma-
lies (max to min). This figure is a modified version of that shown
in Wielicki et al. (2002), but using the radiative fluxes that were
corrected based on Wong et al. (2004).

mean OLR is strongly correlated with moistening and
increased cloud cover in convective regions of the
Tropics and drying and decreased cloudiness in the sub-
siding regions. Those authors interpreted this as a sig-
nature of a strengthening of the tropical atmospheric
circulation and suggested on the basis of the temporal
correlation that an increase in circulation strength
could explain the trend in tropical-mean radiative
fluxes. Wielicki et al. (2002), on the other hand, pro-
posed that the upward trend in OLR and reflected SW
could be related to a decrease in tropical-mean cloudi-
ness, though the authors did not suggest how or why
this could occur. Wang et al. (2002) analyzed Strato-
spheric Aerosol and Gas Experiment II (SAGE 1I)
measurements of uppermost opaque cloud occurrence
frequency over the period 1985-98 and found that av-
erage cloud-top heights have lowered, which they
pointed out could also explain the observed trends.
Cess and Udelhofen (2003) provided further evidence
that changes in cloud cover are responsible for the
trend by computing variations in the atmospheric
greenhouse parameter, G = 1 — OLR/cT?. Increasing
greenhouse gas concentrations increases the value of G,
yet Cess and Udelhofen (2003) find that the observed
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value of G has decreased over the 1985-99 period. They
suggest that this decrease in G can be explained by a
decrease in the annual-mean tropical average cloud
fraction, which they document with International Sat-
ellite Cloud Climatology Project (ISCCP) measure-
ments.

The ability of global climate models (GCMs) to
reproduce the observed variations in the top-of-
atmosphere (TOA) radiation budget provides an im-
portant test of the models. Wielicki et al. (2002) com-
pared the observed tropical-mean TOA fluxes with that
predicted from several different models run with ob-
served SSTs. In Fig. 1, the updated fluxes are also com-
pared with the model simulations. While the magnitude
of the observed OLR signal is slightly smaller, both the
OLR and SW signals fall outside the model range. Cess
and Udelhofen (2003) analyzed a simulation with the
National Center for Atmospheric Research (NCAR)
coupled model [Community Climate System Model
(CCSM1)] in which the greenhouse gases and sulfate
aerosols were gradually increased over the period
1870-1998. They compared the tropical mean OLR and
SW over the last 29 yr of the run and found that not
only are model-simulated changes small (<1 W m™?),
but the trend in OLR was actually of the opposite sign
as the observations. Thus, whether they are given the
observed SSTs or the known climate forcings, climate
models are not currently able to reproduce the ob-
served trends in tropical-mean radiative fluxes of the
last two decades.

In this paper, we take a different approach to inves-
tigating the discrepancy between observed and model-
simulated trends in TOA fluxes. Rather than imposing
a set of observed forcings in a model (such as SST or
atmospheric trace gases), we assess the viability of the
two competing hypotheses that have been proposed to
explain the observed changes: 1) an increase in the
tropical circulation and 2) a change in cloud microphys-
ics. We do not attempt to explain how such changes
might have occurred or prove that they did occur. In-
stead we take a more tractable approach to this prob-
lem by asking if the changes did occur in a model, could
the model then reproduce the observed changes in
TOA fluxes. Specifically, we perform a series of model
sensitivity experiments in which the strength of tropical
circulation and convective precipitation efficiency are
perturbed, and then we assess the ability of the per-
turbed models to simulate the observed changes in the
tropical mean radiation budget.

The remainder of the paper is organized as follows.
In sections 2 and 3 we investigate the sensitivity of the
tropical-mean radiation budget to changes in the Had-
ley circulation using GCMs and satellite observations.
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TABLE 1. The change in various quantities for NOFLUX minus the control run in four GCMs. Hadley cell changes are shown as a
percent change of the max (Northern Hemisphere) and min (Southern Hemisphere) of the zonal mean meridional streamfunction.
Radiative fluxes are shown in W m ™2 and are averaged over the Tropics (30°S-30°N). Bold indicates total sky OLR and SW. Results
are similar for averages over 20°S-20°N (as in Wielicki et al. 2002 and Fig. 1); however, here we choose 30°S-30°N because it covers
the extent of the Hadley cell. OLR is defined as positive upward. Shortwave fluxes are shown as reflected shortwave, and so they are
positive upward. Separation into clear- and cloudy-sky fluxes are not shown for the GISS model because they were not saved. Cloud
changes are shown in change in percent. The “dynamic cloud radiative forcing” is estimated as in Bony et al. (2004) as described in the

text.

GISS CCM MCM AM2
Horizontal resolution (latitude X longitude in degrees) 4 X5 2.8 X 2.8 22 % 375 2 X125
Number of vertical levels 9 18 17 17
AHadley max (NH) (percent) +93% +105% +98% +91%
AHadley min (SH) (percent) +35% +46% +58% +79%
AOLR +33 +3.8 +5.8 -25
AOLR cloudy sky N/A +4.0 +1.7 +0.5
AOLR clear sky N/A -0.2 +4.1 -3.0
ASW (reflected) +0.7 +1.6 -6.9 +6.2
ASW cloudy sky N/A +1.4 -83 +4.9
ASW clear sky N/A +0.2 +1.4 +1.3
ATotal cloud -14 -1.5 —4.5 +2.7
ALow cloud —0.9% +1.1 =55 +7.4
AHigh cloud —1.5%* -2.0 —0.6 -1.5
Dynamic cloud radiative forcing: AOLR +0.6 +2.4 +0.5 +1.6
Dynamic cloud radiative forcing: reflected ASW 0.0 -1.6 -0.4 -0.7

* Layers 1, 2, and 3.
** Layers 6 and 7.

In section 4 we assess the sensitivity to changes in con-
vective precipitation efficiency, and then in section 5
discuss the results and their implications.

2. Circulation controls on TOA fluxes

Chen et al. (2002) suggested that the decadal trend in
tropical-mean radiative fluxes is related to a strength-
ening of the Hadley/Walker circulation. Their motiva-
tion was the strong temporal correlation between the
observed radiative fluxes and various indicators of the
circulation strength. The physical linkage between the
strength of the circulation and the tropical-mean TOA
fluxes, however, has not been demonstrated. Atmo-
spheric GCMs are a viable tool with which to test this
physical linkage. However, because the strength of the
circulation is determined interactively in a GCM, it is
difficult to vary in a controlled manner.

Clement and Seager (1999) found a convenient way
to alter the strength of the Hadley circulation by chang-
ing the effective heat transport by the ocean. Atmo-
spheric GCMs forced with a fixed SST climatology have
an equilibrium net surface heating that can be inter-
preted in large part as the effect of dynamical transport
of heat in the ocean. It is common practice to use this
implied ocean heat transport (OHT) when the atmo-
spheric GCM is coupled to a mixed layer ocean so that
the resultant SST is close to climatology. While the
implied OHT really contains both the effects of the

ocean and model errors, it is similar in spatial structure
to the best estimates of the actual ocean heat transport
(Russell et al. 1985; Trenberth and Caron 2001). If a
model is then run with the OHT set to zero, the atmo-
spheric heat transport increases to compensate in part
by increasing the strength of the Hadley circulation.

Here we take advantage of this model arrangement
in order to test the response of the TOA fluxes to
changes in the strength of the Hadley circulation. Rec-
ognizing that the radiation will depend significantly on
the physical parameterizations in the model, we use
four different atmospheric GCMs that contain a wide
range of atmospheric physics. The models are 1) the
Goddard Institute for Space Studies (GISS) Model II’
(Hansen et al. 1983), 2) the Community Climate Model
(CCM) version 3.10 (Kiehl et al.1998), 3) the Geophysi-
cal Fluid Dynamics Laboratory (GFDL) Manabe Cli-
mate Model (Delworth et al. 2002), and 4) a new ver-
sion of the GFDL model [Atmosphere Model 2 (AM2)
version p3, hereafter referred to as AM2]. The version
of the GFDL model that we use here is slightly differ-
ent than that documented in GFDL Global Atmo-
spheric Model Development Team (2004). Experi-
ments performed here have been repeated with both
versions of the model, and the results are consistent,
but we only show results from AM?2 because those ex-
periments have been previously published and analyzed
by Winton (2003).
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Table 1 gives the spatial resolution of each model,
and we will include some discussion of the details of the
models that are relevant for understanding the TOA
fluxes. However, we refer the reader to the references
cited for complete details. All of these experiments
have been previously published in studies of how the
ocean heat transport affects the mean climate (Clement
and Seager 1999; Seager et al. 2002; Winton 2003; Her-
wiejer et al. 2004). Here we use these experiments sim-
ply as analogs for strong and weak Hadley circulations,
and the reader is referred to those studies for further
discussion of the adjustment of the global climate.

Each model has a control run with a realistic SST
climatology (by design), which is compared with the
same model run with an ocean mixed layer in which the
OHT is set to zero everywhere (hereafter referred to as
NOFLUX). While this change in OHT is rather ex-
treme, it allows for an experiment that can be made in
a consistent way across models. Table 1 summarizes the
results for the four models. In each model, the Hadley
cell strength, as measured by the maximum (for the
Northern Hemisphere) and minimum (for the Southern
Hemisphere) of the zonal mean meridional streamfunc-
tion, increases dramatically. The Northern Hemisphere
cells increase approximately by a factor of 2, while the
Southern Hemisphere cells increase by less. The
smaller response in the Southern Hemisphere is related
to the fact that the zonal mean OHT is smaller there,
though it has been noted that uncertainties in the esti-
mates of OHT in the Southern Hemisphere are consid-
erably larger (Trenberth and Caron 2001).

Figure 2 shows the zonal mean streamfunction for
AM?2 in both the control and NOFLUX runs. This pat-
tern is consistent across all four models: The circulation
intensifies, and the maximum of the streamfunction
moves equatorward. In addition, there is a sizeable dry-
ing of the subtropics as shown in Fig. 2c. Herweijer et
al. (2004) explain that this drying is due to a dynamical
water vapor feedback. In the NOFLUX case, the con-
vecting region of the atmosphere is confined to the
equator. There the atmosphere is close to saturation so
the moisture flux is closely balanced by precipitation. In
contrast, for the control run, the convection is spread
over a broader meridional extent and occurs in regions
where the relative humidity is at more intermediate
values. There vapor can accumulate without getting
close to saturation and being removed by precipitation,
resulting in a moister subtropical free troposphere.

These changes in atmospheric circulation and struc-
ture result in large redistributions of the TOA radiative
fluxes (Fig. 3). In all models, there is a decrease in the
OLR and an increase in the reflected SW on the equa-
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tor. This is primarily due to an increase of high cloud
cover there because of the equatorward shift of convec-
tion. In the subtropics, there is a decrease in high cloud
cover with opposite effects on the TOA fluxes. This
change is somewhat analogous to the observed trends
in TOA fluxes shown in Chen et al. (2002) in that it is
a change in the extremes. In the subtropics, where OLR
is relatively high and reflected SW is low, there is an
increase (decrease) in OLR (SW), and in the deep
Tropics, a region of relatively low OLR and high re-
flected SW, the OLR is reduced and reflected SW in-
creases. Allan and Slingo (2002) showed a similar spa-
tial pattern with an increase in OLR of several watts
per squared meters in the off-equatorial regions and a
comparable decrease on the equator. We note, how-
ever, that while the radiative flux changes in the model
may have a somewhat analogous pattern (at least in a
zonal mean sense) to the observations, the amplitude of
the changes in the model is at least an order of magni-
tude higher.

In spite of these rather extreme changes in circula-
tion and regional TOA fluxes, the tropical mean OLR
and reflected SW changes are small and vary in sign
from model to model (Table 1). This scatter is due to
the different behavior of clouds in the models. To show
this, let us first consider the two models that have
strong low-cloud feedbacks: Manabe Climate Model
(MCM) and AM2. In both of these models, the change
in reflected SW is compensated for by an OLR change
that occurs primarily in the clear sky (Table 1). The SW
signal is associated with a change in the low-cloud cover
(Fig. 4). Low clouds have little effect on OLR because
the cloud-top temperature is not significantly different
from the surface temperature (Hartmann et al. 1992).
Rather, the change in reflected shortwave is balanced
in part by a change in temperature that affects the
clear-sky OLR via Plank’s law and in part by changes in
the humidity distribution. In AM2, a stronger Hadley
cell is associated with an increase in the low-cloud cover
that occurs throughout most of the Tropics (Fig. 4).
Because the reflected SW is increased, there is a de-
crease in temperature that results in a decreased clear-
sky OLR in that model. The change in humidity (Fig.
2¢) also effects the clear-sky OLR but in the opposite
sense: As explained in Herweijer et al. (2004), the dy-
namically induced drying in the subtropics increases the
OLR, but that does not overwhelm the effect of the
temperature change in a tropical-mean sense. In con-
trast, in MCM the low cloud cover decreases under a
stronger Hadley cell, and there is an associated increase
in temperature and an increase in clear-sky OLR. The
stronger Hadley cell still produces a strong subtropical
drying in this model, so the temperature and humidity
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FIG. 2. Zonal mean meridional mass streamfunction (10'° kg s™') for (top) the control run
of AM2 and (middle) the NOFLUX run of AM2. (bottom) The difference in zonal mean
relative humidity (in percent) between NOFLUX and the control for AM2.

changes both increase the OLR, resulting in a larger
change than in AM2.

While both of these models have a significant low-
cloud feedback, only AM2 behaves in a way that is
consistent with the observed behavior of tropical/
subtropical marine stratus. In this model, when the
lower-tropospheric static stability increases, the low-
cloud fraction increases (Winton 2003) as in observa-
tions (Klein and Hartmann 1993). The free tropo-
spheric potential temperature of the Tropics is tied to
the surface moist static energy of the convecting regions
(Betts and Ridgway 1989; Pierrehumbert 1995; Miller
1997; Clement and Seager 1999). In the NOFLUX run,
the sea surface temperature of the convecting regions

goes up because these are regions that are cooled by
export of heat by Ekman divergence in the ocean. As
the surface temperature increases, the moist static en-
ergy increases by more because of the effect of addi-
tional moisture in the boundary layer (Betts and Ridg-
way 1989). Hence, the lower-tropospheric stability in-
creases in most of the Tropics, and the low-cloud
fraction increases in AM2. In a similar manner, the
decrease in low-cloud cover in the eastern ocean basins
is due to the strong warming that occurs in the absence
of the cooling effect of ocean upwelling. However, this
region has little effect on the tropical mean. We em-
phasize, however, that while AM2 may have realistic
low-cloud behavior, an increase in the circulation
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FIG. 3. Zonal mean change between the NOFLUX and the control run in (top) OLR in W
m 2, (middle) reflected SW in W m ™2, and (bottom) high-cloud cover in percent for all four

models.

strength leads to an increase in reflected SW and a de-
crease in the OLR, which is opposite in sign to the
observations shown in Fig. 1.

Low-cloud cover changes in the GISS and CCM
models are small both regionally (Fig. 4) and in the
tropical mean (Table 1). These models significantly un-
derestimate the climatological low-cloud fields (Del
Genio et al. 1996; Kiehl et al. 1998), so it is not surpris-
ing that the sensitivity of these clouds is also weak. In
these models, it appears that the tropical-mean radia-
tive flux change is controlled by the high clouds. There
is a small net decrease in tropical-mean high cloud be-

cause the area where the cloud decreases (subsiding
regions) is greater than where it increases (convecting
regions), as is apparent in Fig. 3. For CCM this is con-
sistent with the change in OLR, which is mainly a
cloudy-sky signal. Clear and cloudy-sky fluxes were not
saved in the GISS experiment, but the change in tropi-
cal-mean OLR, SW, and cloud cover are comparable
with CCM, suggesting that the high clouds may be re-
sponsible for the change in total-sky OLR in GISS as
well.

In summary, the effect of an increase in Hadley cell
strength is to redistribute clouds and radiative fluxes,
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Fi1G. 4. Change in low-cloud cover (percent) between NOFLUX and the control run for all four models.

which results in sizeable regional changes but relatively
small tropical-mean changes: it takes roughly a dou-
bling of the strength of the Hadley cell to produce
changes similar in magnitude to the trend observed by
ERBE, a result that is similar in all models. The quan-
titative change in the tropical-mean radiative fluxes is
determined by the response in the tropical-mean cloud
fields, which is highly model dependent. In the models
with large low-cloud response (MCM and AM2), the
OLR change is in the clear sky, which is not consistent
with the observations. Moreover, in the model with re-
alistic low-cloud behavior, AM2, the sign of the re-
sponse of OLR and SW to increased circulation
strength is opposite to the observations (Fig. 1). In
GISS and CCM, a stronger Hadley cell results in an
increase in the tropical-mean OLR and reflected SW
that is apparently related to high cloud cover, but,
again, it takes an extreme alteration to the Hadley cell
to produce such changes.

3. Empirical estimation of the effect of circulation
changes on TOA fluxes

Cloud feedbacks in GCMs are known to be highly
uncertain, and the experiments performed here are no
exception: the change in tropical-mean cloud cover and
resultant TOA fluxes vary not only in magnitude, but in
sign from model to model for a very similar change in
the circulation. Rather than rely on the model to pre-
dict the response of cloud forcing to a change in circu-

lation, here we take advantage of the fact that the cir-
culation changes in the models are robust enough to
make an empirical estimate of the effect of an increase
in Hadley cell strength on tropical-mean TOA fluxes.
The work of Bony et al. (2004) provides a convenient
framework in which to do this. They separate cloud
feedbacks into a dynamic and a thermodynamic com-
ponent by defining circulation regimes according to the
vertical motions. A probability distribution function,
P, of the midtropospheric vertical velocity is defined

such that
+o0
j P,do=1.

—o0

The distribution taken from AM2 is shown in Fig. 5a
(and is similar for all four models). The peak at values
of w of about 20 hPa day ' represents the large area of
the Tropics where there is moderate subsidence. The
tropical average cloud radiative forcing, C, can be writ-
ten as

_ e
C= f P.C,dw,

—o0

where C,, is the cloud radiative forcing for a particular
value of w. Perturbations about the mean climate in the
cloud radiative forcing can then be separated into dif-
ferent terms:
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Fi1G. 5. (a) The probability distribution function, P, of the annual-mean 500-hPa vertical velocity (hPa
day 1) for the control run for AM2. Values are binned by 10 hPa day ! and normalized as described in
the text. (b) The change in PDF, 8P,,, of the 500-hPa vertical velocity (hPa day~') between the NOF-
LUX and the control run for all four models. (c) Shortwave and longwave cloud forcing, C,, in W m 2
as calculated in Bony et al. (2004). Values are binned using the NCEP reanalysis values for 500-hPa
vertical velocity. Longwave cloud forcing is shown as OLR, so it is positive upward. The presence of
clouds lowers the OLR, so values are negative. Shortwave cloud forcing is defined as absorbed SW,
which is positive downward. The presence of clouds lowers the absorbed SW, so the values are also
negative.
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+oo +oo
8¢ = f C, 0P, dw + f P,5C, do

—o0 —o0

+oo
+ f 5P ,5C,, do.

The first term on the right-hand side is the cloud radia-
tive forcing due to circulation changes, what Bony et al.
(2004) call the “dynamic” component. The second is
what they refer to as the “thermodynamic” component,
and the third is a cross term that is small.

Here we are interested in the dynamic component.
That is, how does a change in the Hadley cell strength
affect the tropical-mean cloud forcing? The models
provide a robust estimate of 6P, for a strengthening of
the Hadley cell, shown in Fig. 5b. There is a reduction
in the moderate values of ascent (values between about
—40 and 0), and the frequency of strong subsidence and
strong ascent increase, as would be expected with an
intensification of the circulation. Rather than use the
model to estimate C,, an empirical estimate can be
made using satellite observations. Bony et al. used
ERBE data to calculate the shortwave and longwave
components of C,, which are shown in Fig. 5c. Com-
paring the change in circulation (Fig. 5b) with the ob-
served cloud forcing (Fig. 5¢), it is clear that the change
in circulation can produce an increase in the extremes
(both high and low values) of OLR and SW cloud forc-
ing. As discussed earlier, this result is consistent with
the analysis of Chen et al. (2002). However, integration
over all values of w shows, again, that the large change
in dynamics has relatively little effect on the tropical
mean (Table 1). This empirical estimate is even smaller
than that produced by the models. The analysis clarifies
why this is the case, as demonstrated in Fig. 5d (for the
longwave only, though the SW is analogous). There is a
large increase in the subsidence where the longwave
cloud forcing is relatively small (boundary layer clouds
in subsiding regions have little OLR signal) and a small
increase in the occurrence of large values of ascent
where the longwave cloud forcing is large (deep clouds
have a big OLR signal). Both of these decrease the
OLR by a comparable amount. The decrease is com-
pensated for by the reduction in modest values of as-
cent where the OLR signal is in the middle range. This
clearing of the skies in regions of moderate ascent
dominates and produces a small tropical-mean increase
in OLR for all models.

To summarize, our results show that changes in the
strength of the Hadley cell are fairly ineffective at al-
tering the tropical-mean radiation balance. Whether we
estimate this effect directly from the models or by com-
bining model dynamics with observed cloud forcing, it
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takes a rather dramatic change in the strength of the
Hadley cell to generate ERBE-like changes in the
tropical-mean TOA fluxes. The empirical estimate, be-
cause it does not rely on uncertain cloud feedbacks in
the models, is more robust and implies that even in the
most sensitive model, it would take at least a doubling
in the strength of the circulation to explain the ob-
served decadal trend in tropical-mean radiative fluxes.

4. Microphysical controls on TOA fluxes

In this section, we perform another series of GCM
sensitivity experiments to explore the viability of this
second hypothesis—that changes in cloud microphysics
could produce the observed trends in the tropical ra-
diation budget. Previous studies have shown that the
radiation budget in simple models is highly dependent
upon the assumptions regarding the cloud microphysi-
cal processes (Renno et al. 1994; Emanuel and Pierre-
humbert 1996). Chief among these is the convective
precipitation efficiency, whose simplified representa-
tion in GCMs has raised concerns about their adequacy
for climate change studies. Here we explore the sensi-
tivity of the tropical-mean radiation budget in GCMs to
changes in convective precipitation efficiency. As with
the previous hypothesis, our intention here is not to
explain the underlying cause of a supposed change in
microphysical quantities. Rather we simply wish to de-
termine whether or not a model with altered cloud mi-
crophysics is capable of reproducing the observed
changes in the tropical radiation budget. We focus spe-
cifically on the role of convective precipitation effi-
ciency in regulating the distribution of upper-level cir-
rus clouds because (i) previous studies have demon-
strated a large sensitivity to this parameter in simple
models (e.g., Renno et al. 1994) and (ii) cirrus clouds
have roughly equal but opposing effects on the OLR
and SW in the Tropics (Kiehl et al. 1998), which is
consistent with the observed trend from the Earth Ra-
diation Budget Satellite (ERBS).

Cirrus anvils are known to play a key role in regu-
lating the radiative energy budget and climate of the
Tropics (Ramanathan et al. 1983; Ramaswamy and Ra-
manathan 1989; Ramanathan and Collins 1991; Donner
et al. 1997; Zender and Kiehl 1997). The spatial cover-
age, lifetime, and water content of cirrus anvils are
largely determined by complex microphysical processes
acting within convective updrafts that determine,
among other things, the fraction of condensate that falls
as precipitation, termed the “precipitation efficiency.”
However, because of the coarse resolution of GCMs,
the representation of these microphysical processes in
current cloud/convective parameterization schemes is a
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key source of uncertainty (Zender and Kiehl 1997), as
are any cloud feedbacks that might be potentially asso-
ciated with them (Renno et al. 1994).

Despite large uncertainties, changes in precipitation
efficiency have also been invoked as a potential feed-
back in climate change. Lindzen et al. (2001) have ar-
gued for the presence of a negative feedback in the
climate system by which the precipitation efficiency in-
creases as the underlying surface warms, which leads to
a reduction in high-cloud cover. We note that the in-
terpretation of the observations used to support this
hypothesis as well as the radiative characteristics of the
clouds used to infer the climate feedback from the pro-
posed changes in precipitation efficiently have been re-
peatedly called into question (Chambers et al. 2002; Fu
et al. 2002; Hartmann and Michelsen 2002; Lin et al.
2002; Del Genio and Kovari 2002). Nevertheless, there
is some observational evidence to suggest that precipi-
tation efficiency in clouds can vary and is dependent on
surface temperature. For example, recent measure-
ments from TRMM (Lau and Wu 2003) suggest that the
precipitation efficiency in low clouds increases as the
surface temperature increases, although they could find
no evidence of a similar behavior in deep convective
clouds. On the other hand, Del Genio and Kovari
(2002) found that the efficiency of precipitation in
tropical convective systems, defined as the ratio of sur-
face precipitation rate to precipitable water vapor, does
increase with surface temperature.

It is important to reiterate, however, that our inten-
tion here is not to identify the mechanisms that could
lead to a change in the convective precipitation effi-
ciency or to verify that such changes have, in fact, oc-
curred over the past two decades. Rather we quantify
the sensitivity to this parameter and determine whether
or not a model with altered cloud microphysics is ca-
pable of reproducing the observed changes in the tropi-
cal radiation budget.

GCM sensitivity studies

While the sensitivity of the tropical radiation budget
to changes in precipitation efficiency has been clearly
demonstrated in simple models (Renno et al. 1994;
Emanuel and Pierrehumbert 1996), few studies have
investigated such sensitivity in GCMs (Lohmann and
Roeckner 1995; Jakob 2002). To address this issue, we
performed a series of simulations with the GFDL AM2
in which the convective precipitation efficiency, an ex-
ternally specified parameter in the model’s convection
scheme, was varied through a range of values. For each
value of specified precipitation efficiency (PE) the
model was integrated for a period of 5 yr using clima-
tological SSTs.
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Moist convection in the GFDL AM2 is parameter-
ized using the Relaxed Arakawa-Schubert (RAS) for-
mulation of Moorthi and Suarez (1992). In this scheme,
convection is represented by a spectrum of entraining
plumes that produce precipitation. Closure is deter-
mined by relaxing the cloud work function for each
cloud in the spectrum back to a critical value over a
fixed time scale. The cloud work function is defined by
the integral over the cloud depth of the product of the
mass flux and the buoyancy (which is proportional to
the difference between the cloud virtual temperature
and that of the grid-scale environment at the same
height). The convective precipitation efficiency, de-
fined as the fraction of water condensed in the cumulus
updrafts that becomes precipitation, is specified to be
0.99 for deep convection and 0.5 for shallow convection
for AM2. Deep convection is defined as updrafts that
detrain at pressure levels above 500 hPa whereas shal-
low convection is defined as updrafts that detrain be-
neath 800 hPa. For pressures between 500 and 800 hPa,
the precipitation efficiency is linearly interpolated in
pressure between the values for deep and shallow con-
vection. Complete details regarding the implementa-
tion of RAS in the GFDL AM2 can be found in GFDL
Global Atmospheric Model Development Team
(2004).

Figure 6 illustrates the difference in annual-mean
OLR and reflected SW between two simulations of the
GFDL AM2. The first uses a control value of 0.99 for
the deep convective precipitation efficiency (indicating
that 99% of the total convective condensate is con-
verted into rainfall). In the second simulation, the PE is
increased by 0.5% from 0.99 to 0.995. All other param-
eter settings, including shallow convective precipitation
efficiency, are the same in both simulations. The simu-
lations with the slightly higher value of convective pre-
cipitation efficiency detrain less cloud water in the up-
per troposphere, resulting in fewer high clouds. The
reduction in high-cloud cover results in an increase in
OLR (Fig. 6a) and a decrease in reflected SW radiation
(Fig. 6b), both of which are largest over the Tropics.
The opposing nature of the changes in OLR and re-
flected SW largely offset each other such that the net
change in radiation at the TOA is relatively small—a
characteristic that is consistent with the ERBE obser-
vations. The changes are most pronounced over the
Tropics, with little change occurring over midlatitudes,
again qualitatively consistent with the published analy-
ses of the ERBE data (Wielicki et al. 2002; Cess and
Udelhofen 2003). We note that the changes shown in
Fig. 6 shift the mean fluxes but have less impact on the
extremes in OLR and reflected SW.

The change in tropical-mean OLR and reflected SW
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FIG. 6. The change in annual-mean (top) TOA OLR and (bottom) reflected SW radiation
simulated by the GFDL GCM due to changes in the convective precipitation efficiency (dif-

ference between 0.995 and 0.99).

shown in Fig. 6 are 3.7 and —2.7 W m ™2, respectively,
which is comparable in magnitude to the changes ob-
served by ERBE between the 1980s and 1990s. This
suggests that the model convective precipitation effi-
ciency does have a strong influence on the tropical-
mean radiation budget and that a relatively small
change in its value would be sufficient for this model to
generate an ERBE-like decadal trend. To further ex-
plore the sensitivity of the model’s radiation budget to
this parameter, Fig. 7 shows the change in tropical-
mean OLR and reflected SW from 5-yr simulations in
which the precipitation efficiency was varied over a
range of values. All changes are computed with respect
to the model’s control value of convective precipitation

efficiency (PE = 0.99). Two points can be drawn from
this analysis. First, the sensitivity of the radiation bud-
get to a specified change in PE is largest for the highest
values of PE. In fact, to a good approximation, the
changes in tropical-mean radiation scale in proportion
to the fractional change in PE; that is, AOLR ~ AInPE.
This behavior arises because the cloud water detrained
from the model is proportional to 1 — PE. Thus while
increasing the PE from 0.99 to 0.995 constitutes only a
~0.5% increase in precipitation efficiency, it represents
nearly a 50% reduction in the amount of cloud water
available for cirrus formation. This result has poten-
tially important implications. If, for example, the con-
trol version of the model used a much lower value of
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precipitation efficiency (e.g., PE ~ 0.5), it would exhibit
very little response to a 0.5% increase in precipitation
efficiency. It should be noted that the value of PE used
in the version of AM2 documented in GFDL Global
Atmospheric Model Development Team (2004) is
0.975. The slightly different value from that used in
AM2 reflects the fact the PE is used as a tuning param-
eter in the model to help achieve a net radiative energy
balance at the TOA.

The second point to be drawn from this analysis is
that while the total-sky radiation fluxes (black lines) are
strongly sensitive to change in PE at the high end of the
parameter range, the clear-sky radiative fluxes (red
lines) are very insensitive to changes in PE across the
entire parameter range considered here. The lack of
change in clear-sky fluxes is another feature that is con-

JOURNAL OF CLIMATE

VOLUME 18

sistent with the observations of the decadal-scale trend
described in Wielicki et al. (2002). The fact that even a
~50% decrease in PE produces such a small change in
the clear-sky OLR reflects the fact that detrained cloud
water plays a largely insignificant role in the model in
determining the vapor budget of the tropical free tro-
posphere and is consistent with observational analyses
(Salathe and Hartmann 1996; Dessler and Sherwood
2000). This suggests that the distribution of upper-
tropospheric water vapor can be explained primarily
through the large-scale advection of saturated air; thus,
reevaporation of cloud condensate is not required to
explain the observed humidity distribution.

Unfortunately, there are relatively few observational
estimates of convective precipitation efficiency. The
uncertainty behind the appropriate range of values for
precipitation efficiency reflects both the difficulty of
measuring the concentrations of detrained ice relative
to precipitating ice in the upper troposphere, as well as
our lack of knowledge regarding the underlying micro-
physical processes that determine this ratio. However,
precipitation retrievals from the Tropical Rainfall Mea-
suring Mission (TRMM) Microwave Imager (TMI) us-
ing the 2A-12 algorithm (Kummerow et al. 1998) are an
exception. This retrieval matches the observed micro-
wave radiances to those simulated from a database of
hydrometeor profiles generated by cloud-resolving
models (CRMs). As a result, the algorithm yields ob-
servationally constrained profiles of cloud water, cloud
ice, precipitating water, and precipitating ice. An analy-
sis of the TRMM retrievals by Del Genio and Kovari
(2002) indicates that the ratio of precipitating ice to
cloud ice in tropical convective storms is ~0.7 for oce-
anic storms with lighting, ~0.9 for oceanic storms with-
out lightning, and ~0.98 for land storms with or without
lightning (see Table 3 of Del Genio and Kovari 2002).
Note that oceanic storms containing lightning are rela-
tively infrequent due their weak updraft strengths (Wil-
liams and Stanfill 2002).

These numbers should be viewed with caution since
they rely heavily on the CRM simulations for which the
condensate distributions are known to be sensitive to
the particular microphysical parameterization used in
the CRM (Xu et al. 2002). Nevertheless, they do illus-
trate that values of convective precipitation efficiency
in excess of 0.9 for the tropical upper troposphere are
not inconsistent with the available microwave observa-
tions from TRMM. However, the role of precipitation
efficiency in modulating the tropical-mean radiation
budget in the real climate system is likely to remain
uncertain until future observations, such as those from
Cloud Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) and CloudSat (Stephens et al.
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2002), can better constrain the amount and distribution
of cloud ice in the upper troposphere. While it may
never be feasible to measure precipitation efficiency
with an accuracy of a few percent, these results do sug-
gest that if observations can at least exclude the likeli-
hood that the value of convective PE lies at the high
end of the spectrum (i.e., >0.95), it would have impor-
tant implications regarding the sensitivity of the climate
system to possible changes in PE.

5. Discussion and implications

Motivated by discrepancies between satellite-ob-
served and model-simulated decadal variations in the
OLR and SW over the Tropics, this study investigates
the sensitivity of the tropical mean radiation budget
using a combination of model simulations and empirical
analyses. Experiments with GCMs were designed to
test two existing hypotheses: that the decadal variations
can be caused by an increase in atmospheric circulation
or by a change in convective precipitation efficiency.
The results show markedly different sensitivities for
these two processes.

In four different GCMs, when the Hadley circulation
is increased dramatically there is only a modest change
in tropical-mean TOA fluxes. The quantitative change
in OLR and SW depends on cloud feedbacks that are
highly model dependent: not only the magnitude, but
the sign of the response varies from model to model.
Acknowledging that the parameterization of clouds is a
weak point in GCMs, we turn to the observations to
provide an empirically based estimate of the effect of a
change in Hadley cell strength on tropical-mean TOA
fluxes. By combining model-simulated changes in tropi-
cal circulation with ERBE estimates of the dependence
of cloud forcing upon vertical velocity, we find that the
tropical mean TOA fluxes are remarkably insensitive to
changes in the strength of the circulation. This is be-
cause a change in circulation primarily redistributes the
clouds and radiative fluxes with very little residual ef-
fect on the tropical mean. According to this empirical
analysis, altering the tropical-mean radiative fluxes by
~3 W m 2 would require at least a doubling in the
strength of the tropical circulation over this period.

On the other hand, a second set of experiments show
that tropical-mean TOA fluxes can be quite sensitive to
a key microphysical parameter, the precipitation effi-
ciency. The model shows a strong sensitivity of tropical-
mean OLR to small changes in precipitation efficiency
at the high end (>0.95) of the parameter range. This
region of high sensitivity falls within the current obser-
vational estimates from TRMM. Thus, while our ability
to measure the appropriate value of precipitation effi-
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ciency from observations is limited (even in a tropical-
mean sense), these results suggest that better estimates
of this quantity are necessary to understand controls on
fluctuations in the tropical mean radiation budget. This
will likely require improved knowledge of the concen-
trations of detrained cloud water relative to precipitat-
ing water. Observations from active spaceborne sensors
like CloudSat and CALIPSO will hopefully provide the
measurements necessary to help constrain this prob-
lem.

In this study, we have not addressed the mechanisms
that can lead to a change in the tropical circulation or in
convective precipitation efficiency, nor have we at-
tempted to evaluate whether such changes did, in fact,
occur during the ERBE period of record. Rather, we
focus on the discrepancy between models and data and
address whether a model with increased tropical circu-
lation or altered cloud microphysics is capable of re-
producing the observed changes in the tropical radia-
tion fluxes. The results raise questions about the plau-
sibility of both of these scenarios. First, because of the
weak sensitivity of tropical-mean radiative fluxes on
circulation strength, it is unlikely that if a model were to
simulate an increased circulation over the satellite pe-
riod that that alone would produce a change in the
radiative fluxes as large as has been observed. Second,
if cloud microphysics were allowed to change, even
slightly, in the model considered here, this process
could generate a change comparable to that observed.
This result is subject to the caveat that the precipitation
efficiency must be at the high end of the parameter
range to produce such sensitivity. While the current
version of the model is in this high end, further obser-
vational work is necessary to determine whether this is
appropriate.

Finally, it is entirely plausible that circulation may be
linked to precipitation efficiency or may occur in com-
bination with other cloud microphysical processes that
change over time. For example, while an increase in the
strength of the Hadley cell has little impact on the
tropical-mean fluxes, it does alter the pattern of OLR
and SW in a way that resembles the observations (Allan
and Slingo 2002; Chen et al. 2002). On the other hand,
increasing the convective precipitation efficiency in
AM2 can alter the tropical-mean fluxes, but the change
is fairly spatially uniform unlike the observations. So it
may be that some combination of these processes is
necessary to explain all the features of the observations.
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