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ABSTRACT

A 3-yr (1998-2000) climatology of near-surface rainfall and stratiform rain fraction observed by the Tropical
Rainfall Measuring Mission (TRMM) precipitation radar (PR) was used to calculate the four-dimensional dis-
tribution of tropical latent heating on seasonal-to-annual time scales. The TRMM-derived latent heating was
then used to force an idealized primitive equation model using an initial value approach in order to obtain the
quasi-steady-state, nonlinear, zonally asymmetric atmospheric response to precipitating tropical cloud systems.
In agreement with previous studies, an increase in stratiform rain fraction elevates circulation centers and
strengthens the upper-level response. Furthermore, horizontal variations in the vertical heating profile implied
by the PR stratiform rain fraction pattern lead to circulation anomalies of varying height and vertical extent that
are not present when the model is forced with a vertically uniform heating field. During El Nifio, the trans-
Pacific gradient in stratiform rain fraction that is normally present becomes more pronounced and the model
response becomes even more sensitive to the horizontal variability of the latent heating vertical structure. When
the heating field is modified to take into account the effects of nonprecipitating cumulus and cloud radiative
forcing within the regions of tropical precipitating cloud systems, the overall pattern of the model response to

the TRMM-derived latent heating is reinforced, as is the model’s sensitivity to the variability in the latent heating

vertical structure.

1. Introduction

The large-scale dynamical response to variations in
the vertical heating profile associated with tropical pre-
cipitating systems has generally received less attention
than the response to horizontal variations in convective
activity, even though the generation of potential vortic-
ity in the Tropics is directly proportional to the local
vertical gradient in the heating profile (Haynes and
Mclntyre 1987; Mapes and Houze 1995). The studies
that have investigated how the vertical structure of trop-
ical heating influence the dynamical response (Geisler
1981; Hartmann et a. 1984; DeMaria 1985; Sui and
Lau 1989; Wu et al. 2000; Chiang et al. 2001) all assume
geographically uniform vertical heating profiles; how-
ever, vertical heating profiles of precipitating cloud sys-
tems have been observed to vary over space and time
across the Tropics (e.g., Thompson et al. 1979; Frank
and McBride 1989).

Attempts to link horizontal variations in the vertical
structure of tropical heating in precipitating cloud sys-
tems to specific large-scale circulation features have
been hampered by the lack of high-resolution data over
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large time and space scal es. Condensational heating gen-
erated by general circulation models is strongly depen-
dent on the model parameterizations and is not always
consistent with observations (Nigam et al. 2000; Lin et
al. 2004). The horizontal and vertical distribution of
total diabatic heating can be calculated as a residual
using the equations of motion and observed winds and
temperatures (e.g., Valdes and Hoskins 1989; Nigam
1994; Wang and Ting 1999). However, the residual heat-
ing estimates represent the total apparent heat source so
itisdifficult to separate the latent, sensible, and radiative
heating components, and the accuracy of the residual
method is uncertain over the Tropics because of sparse
data availability (White and Saha 1995; Waliser et al.
1999; Newman et al. 2000; Kistler et al. 2001). Passive
microwave instruments on board satellites supply Trop-
ics-wide observations of precipitating systems that can
be used to derive the horizontal and vertical tropical
latent heating field (Tao et al. 1990; Olson et al. 1999).
However, passive microwave radiometers provide lim-
ited information on the vertical distribution of hydro-
meteor types making estimates of the vertical structure
of latent heating uncertain.

One of the primary goals of the Tropical Rainfall
Measuring Mission (TRMM) was to determine the four-
dimensional distribution of latent heating in the Tropics
in order to better understand global climate (Simpson
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et al. 1988). The novel instrument installed on board
the TRMM satellite to accomplish this goal was the
precipitation radar (PR). The precipitation field detected
by the PR provides the column-integrated latent heating
over the entire Tropics, and the detailed structure of the
radar echoes allows the convective and stratiform com-
ponents of the rain to be identified (Schumacher and
Houze 2003a). Houze (1982, 1989) demonstrated that
therelative proportions of convective and stratiformrain
amounts can be used to infer the vertical structure of
latent heating in tropical precipitating systems. Higher
fractions of stratiform rainfall are associated with an
upward shift in the level of maximum heating and an
increase in the vertical heating gradient in the upper
troposphere. Using observations of surface rainfall sep-
arated into convective and stratiform components, the
TRMM PR is thus able to provide an estimate of the
horizontal and vertical structure of latent heating across
the Tropics (see aso Tao et al. 2001).

The objective of this study is to determine whether
latent heating estimates derived from the TRMM PR
can be used to gain new insights into the large-scale
circulation of the Tropics, especially with respect to
horizontal and temporal variability in the percent of rain
that is stratiform. Specifically, we use TRMM PR pre-
cipitation and stratiform rain fraction measurements to
estimate the mean three-dimensional heating distribu-
tion during different subsets of the 1998-2000 TRMM
study period, and then use an idealized version of the
Community Climate Model, version 3 (CCM3), to ob-
tain the zonally asymmetric dynamical response asso-
ciated with each heating estimate. Integrationswere also
performed using latent heating estimates cal culated with
geographically uniform stratiform rain fractions and
with additional diabatic heating terms included in the
vertical heating profiles.

2. TRMM PR observations

For the 3 years under investigation in this study
(1998-2000), the TRM M satellite operated at an altitude
of 350 km, which gave the PR a swath width of 215
km and a horizontal footprint of 4.3 km at nadir. The
TRMM satellite has an orbital domain extending from
35°N-35°S and has a precessing orbit so that it samples
the full diurnal cycle. The PR operates at K, band (2.17-
cm wavelength) with a sensitivity ~17 dBZ (which cor-
responds to a precipitation rate of approximately 0.4
mm h-*) and a vertical resolution of 250 m. Further
details on the PR and the TRMM satellite can be found
in Kummerow et al. (1998) and Kozu et al. (2001).

The radar echo observed by the PR is subdivided into
convective and stratiform elements in TRMM product
2A23 (TRMM products are available online at http://
daac.gsfc.nasa.gov).! The convective classification re-

1 This study is based on version 5 data products.
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fersto regions of young, active convection, where stron-
ger vertical air motions predominate, and precipitation
particles increase in mass through coalescence and/or
riming. The stratiform classification represents regions
of less active convection, where weaker vertical air mo-
tions predominate, and precipitation particles increase
in mass primarily through vapor deposition (Houze
1993). Extensive stratus and stratocumulus cloud decks
that have topswell below the 0°C level and occasionally
produce drizzle or light rain are also commonly con-
sidered stratiform. However, the 17-dBZ sensitivity
threshold of the TRMM PR guarantees that most, if not
all, of this stratiform rain is excluded from this study.

Radar reflectivity observations cannot always be un-
ambiguously separated into regions of convective and
stratiform precipitation, which occasionally leads to a
third ‘“‘transition” or “‘intermediary’” classification.
However, Mapes and Houze (1995) showed that only
two modes account for most of the large-scale atmo-
spheric response to convection and that these modes
correspond to the divergence signatures in convective
and stratiform precipitation regions. The transition/in-
termediary classification therefore represents an inabil-
ity to definitively separate precipitation into convective
and stratiform components using the radar reflectivity
field, rather than a physically distinct phenomenon.
Houze (1997) argues that the intermediary echo in re-
flectivity is more closely related to the stratiform region
in terms of microphysical and dynamical processes;
therefore, we separate tropical precipitation into only
two categories: that of young, vigorous convection (con-
vective) and that of older, weaker convection (transition/
intermediary and stratiform).

The convective—stratiform separation algorithm used
in TRMM product 2A23 (Awakaet a. 1997) determines
whether the echo is convective or stratiform by exam-
ining the vertical profile of reflectivity (from which the
bright band, echo top height, and maximum reflectivity
in the vertical profile are identified) and the horizontal
variability of the echo. The horizontal variability cri-
terion follows Steiner et al. (1995). Within the 2A23
algorithm, pixels of radar echo are designated as *‘ shal-
low, isolated”” whenever the echo top is lower than the
climatological 0°C level by 1.5 km and the pixel is
isolated from other rainy areas. We consider these pixels
to be a subset of the convective category (see Schu-
macher and Houze 2003b).

To determine the rain amounts in the convective and
stratiform categories, we use the near-surface? PR re-
flectivity field from TRMM product 2A25 (Iguchi et al.
2000). Following Schumacher and Houze (2003a), re-
flectivity from the orbital data is placed into 2.5° bins
for each month and converted to rain rate using the

2The PR cannot detect rain directly above the ground because of
contamination from surface return. The lowest level free from surface
clutter is ~1 km above the surface at nadir and ~2 km above the
surface at the antenna scan edge.
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FiG. 1. (a) Precipitation radar 2.5° annually averaged rain accumulation from 1998-2000 based on TRMM product 2A25 (version 5) near-
surface reflectivities converted to rain rate with the version 5 initial convective and stratiform Z-R relations. (b) Same as (a) except that the
precipitation has been multiplied by a scaling factor that decreases linearly from a value of 1 at 20°N and 20°S to 0 at 35°N and 35°S in

order to isolate the tropical heating.

TRMM version 5 convective and stratiform near-surface
initial reflectivity—rain rate relations. The average con-
vective and stratiform rain rate in each grid box is then
multiplied by the probability of rain of each rain type
to obtain the convective and stratiform rain amounts.
The total annually averaged rain accumulation ob-
served by the TRMM PR during 1998-2000 is depicted
in Fig. 1a. As observed in other rain climatologies, pre-
cipitation amounts are highest (>2.5 m yr-*) over cen-
tral Africa, the Maritime Continent, and Central and
South America, and well-defined intertropical conver-
gence zones (ITCZ) are located in the Pacific and At-
lantic Oceans between 5°-10°N. In order to focus on
the latent heating associated with tropical convection
and eliminate edge effects at the boundaries of the PR
observational domain, the precipitation field outside of
20°N and 20°S was multiplied by a scaling factor that
decreases linearly from unity at 20° latitude to zero at
35°N and 35°S. The precipitation field produced by this
scaling procedure is shown in Fig. 1b. This scaling pro-
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cedure was found to have little effect on the model
results near the equator, and increased the stability of
our model integrations by retarding the growth of bar-
oclinic disturbances along the edge of the PR domain.

The climatological stratiform rain fraction (i.e., the
percentage of total rainfall accounted for by stratiform
precipitation) observed by the TRMM PR from 1998—
2000 is shown in Fig. 2. The stratiform rain fraction is
generally lower over land and higher over the oceans,
although some ocean areas outside regions of deep con-
vection have low stratiform rain fractions (e.g., 10°—
20°S, 120°-80°W). A few regions with very low pre-
cipitation rates exhibit unrealistically high stratiform
rain fractions (e.g., over northern Africa and off the
coast of Baja), most likely due to sampling errors. Very
high stratiform rain fractions are also observed in broad
regions with low to moderate precipitation poleward of
20°N and 20°S; these features are associated with ex-
tratropical systems occasionally precipitating at these
latitudes. Note that the scaling procedure used to de-
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FiG. 2. Precipitation radar 2.5° average stratiform rain fraction from 1998-2000 based on TRMM product 2A23 (version 5) convective—
stratiform classifications with the shallow, isolated pixels reclassified as convective.
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emphasize the extratropical rain pattern (cf. Fig. 1b)
minimizes the influence of these midlatitude storms on
the heating estimates derived in the next section.

Perhaps the most interesting feature in the stratiform
rain fraction field is a strong trans-Pacific gradient with
a minimum over the Maritime Continent and a maxi-
mum in the ITCZ of the eastern-central Pacific. This
near-equatorial trans-Pacific gradient, which exists
throughout the seasonal cycle and becomes exaggerated
during El Nifio, accounts for some of the more striking
results of the model calculations described in the fol-
lowing sections. For a more detailed discussion of the
temporal and spatial variationsin the PR stratiformrain
fraction, see Schumacher and Houze (2003a).

3. Latent heating estimates

The total diabatic heating associated with precipitat-
ing systems can be separated into three components:
latent heating and cooling associated with condensation,
evaporation, and melting; radiative heating and cooling
from solar and infrared absorption and emission within
the cloud deck; and the vertical convergence of sensible
heat flux associated with cloud-scal e updrafts and down-
drafts. Studies using large rawinsonde systems diagnose
the atmospheric budget associated with total diabatic
heating, whereas dual-Doppler studies usually diagnose
divergence, which is directly related to heating from
water phase changes only. Latent heating is the domi-
nant component in the total diabatic heating, so in order
to focus our attention on this component, we base our
assumed heating profiles on dual-Doppler studies of me-
soscale precipitation systems observed during tropical
field programs (e.g., see Figs. 10-11 in Cifelli and Rut-
ledge 1998). Thus, our profiles represent only the dom-
inant latent heating component. Radiative heating is the
next largest component of the total diabatic heating and
will be addressed in section 8. Vertical eddy heat trans-
ports are ignored since they are relatively minor (Houze
1982).

To obtain the latent heating profile within each 2.5°
grid box, assumed latent heating profiles associated with
stratiform and convective precipitation arelinearly com-
bined based on the PR rain fraction for each precipi-
tation type, normalized such that the area under the
curve equals one, and then multiplied by the PR pre-
cipitation at each location. Thus, the three-dimensional
latent heating field can be estimated for any subset of
the TRMM observational period. To minimize sampling
errors, this study uses seasonal-to-annual average sub-
sets to represent the four-dimensional tropical latent
heating field.

Our assumed latent heating profiles for each rain type
areillustrated in Fig. 3a. The heating profile associated
with deep convective rain is positive throughout the
troposphere, while the stratiform profile is dominated
by heating above the climatological 0°C level and cool-
ing below. In order to use some of the height information
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Fic. 3. Idealized stratiform, deep convective, and shallow convec-
tive latent heating profiles. The x axis is meant to be nondimensional
until a precipitation amount is specified. (b) Total latent heating pro-
files for 0%, 40%, and 70% stratiform rain fractions, assuming 3.5
m yr-* rain accumulation.

provided by the PR, the shallow convective classifica-
tion from TRMM product 2A 23 was assigned a separate
latent heating profile. Since shallow convection does not
represent a fundamentally different physical process
from deep convection, the profile for shallow convective
rain is similar to the profile for deep convective rain,
except that it has been vertically compressed to represent
the latent heating from low- and midlevel precipitating
convective clouds. Beyond the separation of shallow
and deep convection, we use fixed vertical heating pro-
files despite the fact that cloud heights vary somewhat
in nature.

Tao et al. (2001) calculated tropical latent heating
from TRMM PR observations using a method similar
to ours, except that they employed a database of strat-
iform and convective latent heating profiles based on
cloud-resolving model runs in different regions of the
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Fic. 4. Horizontal distributions of the annually averaged latent heating at (a) 7.4 km (~400 hPa) and (b) 2.2 km (~800 hPa) derived
from the TRMM PR rain-type fractions and tapered rain amounts. (c) Vertical cross section of annually averaged latent heating at 10°N.

Tropics. Our assumed profiles of deep convective and
stratiform latent heating are generally consistent with
those calculated by Tao et al. (although Tao et a. did
not include a shallow convective profile), so we would
not expect the use of alarger database of latent heating
profilesto alter the overall results of our study. However,
Tao et al.’s results indicate some of the uncertainty as-
sociated with the profiles we have chosen.

Figure 3billustrates the vertical profile of latent heat-
ing that would be used for agrid box with atotal rainfall
of 3.6 m yr—%; a shallow convective rain fraction of
10%; and stratiform rain fractions of 0%, 40%, and 70%.
A stratiform rain fraction of 0% (purely convective) has
a heating maximum at 4.5 km, a stratiform rain fraction
of 40% (which represents the Tropics-wide average)
leads to a slightly stronger heating maximum at 6.5 km,
and a stratiform rain fraction of 70% (the upper limit
of observed climatological values) produces an even

stronger heating maximum at 7.5 km, along with cooling
at lower levels. In addition to raising the amplitude and
height of maximum latent heat release, increasing the
stratiform rain fraction produces a stronger vertical gra-
dient of heating at upper levels.

Figure 4 illustrates the annually averaged latent heat-
ing distribution estimated from TRMM PR observations
for the entire 1998-2000 study period. Figures 4a and
4b show the horizontal pattern of latent heating at 7.4
and 2.2 km, respectively, while Fig. 4c contains a ver-
tical cross section of the annually averaged heating at
10°N. Note that the latent heating is stronger in Fig. 4a
than Fig. 4b because the stratiform rain fraction is non-
zero, and that the lower-level heating is concentrated
over rainy regions with low stratiform rain fractions.
The vertical cross section of latent heating at 10°N (Fig.
4c) further illustrates that the latent heating in regions
with low stratiform rain fractions (e.g., 40°E and 85°W)
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is more evenly distributed throughout the troposphere,
while regions with high stratiform rain fractions (e.g.,
135°W) exhibit more latent heating at upper levels.

4. Model

The atmospheric model used for this study is an ide-
alized version of the CCM3 that has been modified to
calculate the time-dependent, nonlinear, zonally asym-
metric response to a fixed distribution of diabatic heat-
ing. The dynamical core of the model uses the spectral
transform method in the horizontal domain with T42
resolution, which corresponds to a grid spacing of
roughly 2.9° in latitude and longitude. Vertical and tem-
poral aspects are treated using finite differences, with
18 unevenly spaced vertical levels (12 of which are
located in the troposphere) and a time step of 20 min.
Further discussion of the model dynamics can be found
in Kiehl et a. (1998).

We force the model by adding the three-dimensional
TRMM-derived latent heating distributions described in
the previous section directly to the temperaturetendency
equation. In order to isolate the time-dependent zonally
asymmetric response to the TRMM-derived heating, the
boundary conditions and physical parameterizations
normally employed by CCM 3 were replaced with linear
damping of temperature and wind perturbations (Ray-
leigh friction and Newtonian cooling) toward a pre-
scribed, zonally uniform basic state. This was achieved
by removing topography and water vapor from the mod-
el and locking the wavenumber zero (zonal mean) values
of divergence, vorticity, temperature, and surface pres-
sure to their initial values throughout each model run.
Thus, the model is nonlinear with respect to the mag-
nitude of the applied heating, but no interaction is al-
lowed between the zonally asymmetric response and the
mean flow, or between the model circulation and the
heating. Various studies have found that the nonlinear
interactions between forced waves and the mean state
arerelatively small inthe Tropics (Nigam 1994; Hoskins
and Rodwell 1995; Jin and Hoskins 1995).

We performed experiments using both aresting, hor-
izontally uniform basic state with a static stability in the
troposphere equal to the Tropics-wide average, and basic
states composed of the zonally averaged winds, tem-
peratures, and surface pressures from the monthly mean
National Centers for Environmental Prediction (NCEP)
reanalysis fields corresponding to the same time periods
as the TRMM PR observations used to derive the latent
heating distributions. It is assumed that the specified
zonal-mean climates include the dynamical influence of
the zonal-mean component of tropical heating. The fric-
tional damping coefficient applied to zonal and merid-
ional wind perturbations from the basic state decreases
linearly from (2.5 days)* at the surface to a constant
value of (15 days)~* at 800 hPa and above. The New-
tonian cooling uses the same damping profile as the
Rayleigh friction below 200 mb, but above this level
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the cooling coefficient increases linearly back up to
(2.5 days) * at the top of the model. The stronger damp-
ing near the surface is intended to roughly account for
the effects of surface drag and vertical mixing in the
boundary layer, while the larger thermal damping co-
efficients aloft help limit the growth of waves in the
stratosphere. The CCM3 dynamical core also includes
harmonic (V?) diffusion in the top three model levels
to absorb vertically propagating planetary wave energy
and weak biharmonic (V#) horizontal diffusion at all
levels to control small-scale noise. A limited number of
experiments performed with different damping param-
eters, horizontal diffusion coefficients, and vertical res-
olutions suggest that our results are not very sensitive
to these aspects of the model.

The model typically reaches an equilibrium solution
in about 2 weeks for experiments performed using a
resting basic state. In the experiments performed using
realistic basic states, baroclinic instabilitiesbeginto dis-
tort the numerical solution in the Tropics after 15-20
days. Jin and Hoskins (1995) and Hoskins and Rodwell
(1995) performed experiments with asimilar model and
found that the tropical and midlatitude responses are
normally established in about a week, and the high-
latitude pattern is established in another week. There-
fore, we use day 14 averages to represent the steady-
state, zonally asymmetric response to the imposed heat-
ing in al of our experiments.

5. Annual-mean experiments

In order to verify that our model produces a reason-
able dynamical response to horizontal variationsin trop-
ical heating, and also provide a simple context for dem-
onstrating how variations in stratiform rain fraction in-
fluence the response, we performed several experiments
using aresting basic state and the latent heating derived
from the PR annually averaged precipitation from 1998—
2000 and geographically uniform stratiform rain frac-
tions of 0%, 40%, and 70%. The column-integrated
heating is the same for al three runs, so the differences
between the model responses to these three heating dis-
tributions arise solely from the differencesin the vertical
heating structures depicted in Fig. 3b.

Figure 5a shows the 400-hPa latent heating distri-
bution and the resulting 250-hPa streamfunction anom-
alies obtained using the annual mean latent heating with
0% stratiform rain fraction everywhere. Anticyclonic
circulation anomalies are present over southern Asiaand
the Indian Ocean, while cyclonic gyres dominate the
Pacific basin. This quadrapole pattern is similar to the
pattern obtained for an isolated divergence anomaly near
the equator (Gill 1980), and is consistent with the in-
terpretation that intense heating over the western Pacific
warm pool drives large-scale divergence anomalies and
vorticity generation aloft that dominate the mean hor-
izontal circulation in the upper tropical troposphere. The
smaller streamfunction anomalies present in the Atlantic
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FiG. 5. The 400-hPa latent heating (shaded) and the resulting 250-hPa streamfunction anomalies (contours) for the resting basic state and
latent heating derived from the PR annually averaged precipitation field and geographically uniform stratiform rain fractions of (a) 0% and
(b) 40%. The streamfunction contour interval is 2 X 10® m? s—, and negative contours are dashed.

region reflect both local heating and the remote influ-
ence of the heating in the western Pacific. The Tropics-
wide pattern bears a strong resemblance to the hori-
zontal circulation patterns obtained by previous authors
(e.g., Hartmann et al. 1984; Nigam 1994; Wang and
Ting 1999), which suggests that our approach yields a
reasonable large-scale response.

Figure 5b illustrates the 400-hPa latent heating and
250-hPa streamfunction response obtained when the
uniform stratiform rain fraction isincreased to 40%. The
streamfunction and latent heating patternsin Fig. 5b are
similar to those obtained in Fig. 5a, although both the
midtropospheric latent heating field and the upper-level
anticyclonic and cyclonic circulation features are sub-
stantially stronger in the uniform 40% case. This inten-
sification is consistent with the increase in the vertical
gradient of latent heating in the upper troposphere noted
in Fig. 3b, since the generation of potential vorticity is
directly proportional to the local vertical heating gra-
dient (Haynes and Mclntyre 1987).

Figures 6a—c show vertical cross sections of the zonal
wind and vertical pressure velocity (w) anomaly fields

near the equator (8.5°N—8.5°S) for the integrations per-
formed using the latent heating derived from geograph-
ically uniform stratiform rain fractions of 0%, 40%, and
70%. In Fig. 6a (the 0% case), negative w anomalies
occur over regions with large rain accumulations (i.e.,
equatorial Africa, the Maritime Continent and western
Pacific warm pool, and Central America and the Am-
azon basin) and positive » anomalies occur over regions
with lower rain accumulations (i.e., the western Indian
Ocean, the central and eastern Pacific, and the eastern
Atlantic). The » anomalies have maximum amplitude
between 500—-600 hPa, which is where the deep con-
vective heating is strongest. The zonal wind anomaly
pattern has four cells in a square wave pattern that cor-
responds with the flow implied by the upper-level
streamfunction anomalies in Fig. 5a.

In Fig. 6b, the geographically uniform stratiform rain
fraction isincreased to 40% (asin Fig. 5b). The strength
of the w anomalies increases and the centers rise in
altitude to 400-500 hPain accordance with the elevation
and concentration of the vertical heating profile. The
centers of the zonal wind anomalies are also dslightly



1348 JOURNAL OF THE AT

MOSPHERIC SCIENCES

VOLUME 61

100
200- . i
300
400
500 0y
600
700
800
L 900
< 0-2 . 1] 1000
<  0E 90°E  180°E  90°W 0E  0°E
@
g 100 [y e
* 200 % ._ 200 -2 '\":-f 12 : ;s;-'.é,'".'-:' y
300 300 44 - A0 Y
400 | 400
500 500 -
600 600 - |
700 | 700" |'
800 800 4 ) | | #
900 900 \ds
1000 i - 1000 = : AN A
0°E 90°E  180°E  90°W 0°E  O°E 90°E  180°E  90°W 0°E

FiG. 6. Vertical cross sections of w (shaded) and zonal wind (contours) anomaly fields averaged along the eguator from 8.5°N-8.5°S for

aresting basic state and latent heating derived from the PR annually
(c) 70%, and (d) observed. The units for the zonal wind contours ar

higher and more intense than those in the 0% case. In
Fig. 6c, the latent heating based on a uniform 70% strat-
iform rain fraction produces the strongest response, with
the highest maxima and minima centered at 350 hPa
A weaker layer of low-level » anomaliesis centered at
850 hPa, opposite in sign to the upper-level response,
which reflects heating anomalies of opposite sign seen
in Fig. 3b. The zona wind anomalies are also more
intense and elevated than those in the previous two sce-
narios. In addition, athird layer of zonal wind anomalies
begins to emerge near the surface. This unusual feature
is aresult of the extreme assumption of a horizontally
uniform 70% stratiform rain fraction.

The assumption of a geographically uniform strati-
form rain fraction in the above model simulations is
equivalent to assuming that there is no horizontal var-
iation in the vertical structure of latent heating across

averaged precipitation and stratiform rain fractions of (a) 0%, (b) 40%,
e m s, and negative contours (easterlies) are dashed.

the Tropics. This lack of horizontal variation leads to
idealized circulation centers at constant heights. How-
ever, as seen in Fig. 2, stratiform rain fraction varies
substantially across the Tropics. Figure 6d shows the
vertical cross section of the equatorial response to the
annual mean latent heating calculated using PR strati-
form rain fractions from 1998-2000. The model re-
sponse is most similar to the uniform 40% case, which
is reasonable since the annually averaged stratiformrain
fraction is ~40%. However, the circulation centers ex-
hibit larger horizontal variations in height and vertical
extent than the uniform 40% case. For example, the w
anomaly maxima and minima range in height between
400-600 hPa and the upper-level zona wind anomaly
maxima and minima are located between 200—-300 hPa.
Variation in the heights and vertical extents of the w
anomalies leads to atilt in the zonal wind field. In par-
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ticular, the zonal gradient in stratiform rain fractionfrom
~30% over Indonesiato ~60% over the eastern tropical
Pacific produces vertical variationsin latent heating that
are associated with a tilted structure in the equatorial
circulation.

Hartmann et al. (1984) assumed a heating profile for
an idealized mature cloud cluster that closely resembles
the profile when the stratiform rain fraction is equal to
70% (Fig. 3b). They found that the mature cloud cluster
heating profile forced a more realistic Walker cell re-
sponse than a purely convective profile, in part, because
it produced a westward tilt with height of the simulated
zonal mass flux. While the latent heating based on a
uniform stratiform rain fraction of 70% produces some
variation in the heights of the midlevel circulation cen-
ters (Fig. 6¢), comparison with Fig. 6d suggests that a
tilted zonal circulation is better simulated with a latent
heating field based on the observed horizontal variation
in stratiform rain fraction.

6. Seasonal cycle

In order to see if the TRMM-derived latent heating
estimates can be used to produce seasonal variationsin
the zonally asymmetric circulation, the model was in-
tegrated using the NCEP basic states and PR precipi-
tation and stratiform rain fractions for both June-July—
August (JJA) and December—January—February (DJF)
of 1998-2000. Figures 7a and 7b show the resulting
250-hPa streamfunction anomalies for JJA and DJF, re-
spectively. In JJA, the cyclonic streamfunction anom-
alies over South Asia and the Indian Ocean are centered
at 70°E, the anticyclonic Pacific gyre north of the equa-
tor is centered just west of the date line, the Atlantic
gyre north of the equator is centered at 60°W, and the
Pacific gyre south of the equator has an elongated center
that spans from the date line to 90°W. There is also
some evidence of wave propagation into the extratrop-
ical Southern Hemisphere in the Pacific sector.

In DJF, the main region of upper-level heating has
shifted east to over the western Pacific warm pool
(150°E). The streamfunction anomalies north of the
equator have also shifted eastward, while the anticy-
clonic gyre over the Indian Ocean has weakened and
split into multiple centers over southern Africaand Aus-
tralia. In addition, the elongated cyclonic gyre south of
the equator has separated into alternating cyclonic—an-
ticyclonic—cyclonic streamfunction anomalies over the
Pacific, South America, and the Atlantic. There is also
some indication of enhanced wave propagation into the
Northern (winter) Hemisphere, with only weak zona
asymmetries in the Southern (summer) Hemisphere,
which is consistent with the enhanced wave propagation
into the winter hemisphere noted by Jin and Hoskins
(1995).

Figures 7c and 7d illustrate the NCEP reanalysis 250-
hPa streamfunction field with the zonal mean removed
for JJA and DJF, respectively. Between 30°N-30°S, the

SCHUMACHER ET AL.

1349

JJA and DJF upper-level streamfunction anomaly pat-
terns from the TRMM-derived latent heating (Figs. 7a
and 7b) show a strong qualitative agreement with the
NCEP reanalysis for the same time periods, which in-
dicates that our model captures the fundamental re-
sponse of the tropical circulation to seasonal variations
in the three-dimensional distribution of latent heating.
However, the circulation anomalies in our model are
consistently smaller in amplitude than the zonal asym-
metries in the NCEP reanalysis, especially outside of
30°N-30°S.

The weak extratropical response in our model is con-
sistent with the results of Valdes and Hoskins (1989),
Wang and Ting (1999), and Held et a. (2002), who
found that tropical diabatic heating forces only a weak
extratropical response, and that orography, extratropical
diabatic heating, transients, and wave—-mean-flow inter-
actions (none of which is present in our model) all play
an important role in maintaining the observed extra-
tropical stationary wave pattern. The smaller amplitude
of thetropical circulation featuresin our model, relative
to the zonal asymmetriesin the NCEP reanalysis, isalso
probably associated with the lack of orography and the
absence of other sources of tropical diabatic heating
from our model (e.g., cloud radiative forcing), although
our results are similar in magnitude to the response Held
et al. (2002) obtained during the residual diabatic heat-
ing derived from NCEP reanalysis. It should be noted
that neither our results nor NCEP's reanalysis fields are
strictly observational and hence there is no truth in-
volved in the comparison, only consistency. We will
return to this magnitude issue in section 8.

7. El Nifio

The 1998 EI Nifio event and the 1999 La Nifa event
exhibited dramatic differences in PR stratiform rain
fraction and precipitation (Schumacher and Houze
20034). In order to compare the model response to this
interannual difference, another set of experiments was
performed using the NCEP basic states and the PR pre-
cipitation and stratiform rain fractionsfor January—April
1998 (El Nifio) and January—April 1999 (La Nifa).

Figure 8 shows the 400-hPalatent heating distribution
and the resulting 250-hPa streamfunction zonal devia-
tions for the two events. The upper-level streamfunction
response to the TRMM-derived latent heating for the 4-
month La Nifia season of 1999 (Fig. 8a) is similar to
the DJF pattern (Fig. 7b). During La Nifia, the sub-
tropical gyres centered over the western Pacific and the
couplet over the Atlantic are in the same location as in
the DJF climatology, although the Pacific gyres are
dlightly stronger than during an average year and the
Atlantic gyres are slightly weaker. Wave propagation is
also enhanced into the Northern Hemisphere extratrop-
ics during the 1999 La Nifia.

The TRMM-derived latent heating and upper-level
streamfunction response for the 4-month EI Nifio season



1350

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 61

(a) JJATRMM

60°N
30°N
cal
30°S

60°S|:

-

45°E 90°E 135°E

(b) DJF TRMM

180°E

60°N
30°N
sos| RAE

60°S|:

45°E 90°E 135°E

180°E 135°W 90°W 45°W

FiG. 7. The 250-hPa streamfunction anomalies for the NCEP seasonal basic-state and latent heating derived from the PR seasonally averaged
precipitation and stratiform rain fraction fields for (a) JJA and (b) DJF. The streamfunction contour interval is2 X 10° m? s~ and negative
contours are dashed. NCEP eddy streamfunctions for (c) JJA and (d) DJF The NCEP streamfunction contour interval is 3 X 10 m? s—1.

of 1998 (Fig. 8b) is quite different than the response
for the La Nifa season of 1999. During the 1998 El
Nifio, the precipitation field (indicated by the latent heat-
ing at 400 hPa) shiftsinto the central and eastern Pacific,
and stratiform rain fractions get as low as 20% over
Indonesia and reach almost 70% in the eastern Pacific.
The longitudinally averaged precipitation isamost con-
stant across the entire tropical band centered just south
of the equator; the variations in upper-level heating are
due to the dramatic west—east gradient in stratiform rain
fraction. Nigam et al. (2000) show that the European
Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalysis captures some of the large-scale
(i.e., stratiform) precipitation increase in the central and
eastern Pacific during El Nifio; however, the signd is
not nearly as strong as that observed by the PR in 1998.

The magjor changes in the precipitation and stratiform
rain fraction during the 1998 El Nifio lead to significant
changes in the model circulations over the Pacific. The
anticyclonic gyre over southeastern Asia weakens and
elongates to cover the entire Pacific basin, replacing the
cyclonic gyre north of the equator in the central Pacific.
The anticyclonic gyre over the Indian Ocean also elon-
gates across the Pacific and weakens, although this
changeis not as pronounced as the changesin the North-
ern Hemisphere. The zonal deviations of the circulation
in the Atlantic sector remain relatively unchanged, al-
though the small anticyclones normally present over the
western half of South America are absent.

To highlight the importance of the horizontal varia-
tion of the stratiform rain fraction during El Nifio, Fig.
9 depicts vertical cross sections of the zonal wind and
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responses averaged along the equator from 8.5°N-8.5°S
obtained using latent heating derived from the PR pre-
cipitation during the 1998 El Nifio and geographically
uniform stratiform rain fractions of 40% and 70%, along
with the PR stratiform rain fraction. The model response
to the latent heating based on a uniform stratiform rain
fraction of 40% (Fig. 9a) is weak. Comparison with the
more idealized uniform 40% model simulation in sec-
tion 5 (Fig. 6b) shows that circulation centers are at
similar atitudes in both model runs but are weaker dur-
ing El Nifo. In addition, the main region of upward
motion has shifted to the central and eastern Pacific,
and the four square wave pattern in the zonal wind field
over the Indian Ocean and central Pacific has disap-
peared. When the stratiform rain fraction is increased
to 70% (Fig. 9b), the circulation centers move upward
and strengthen and another layer of w and zonal wind

anomalies appears at lower levels, similar to what oc-
curred in the uniform 70% case (Fig. 6¢) in section 5.

While the Tropics-wide average stratiform rain frac-
tion increases only slightly during El Nifio (to ~45%),
the model response to the latent heating based on the
PR stratiform rain fraction (Fig. 9c) is somewhat dif-
ferent than the response to the uniform 40% case (Fig.
9a). The strength of w and zonal wind response and the
presence of an additional circulation layer at lower lev-
els is more similar to the uniform 70% case; however,
negative and positive w anomalies in Figs. 9b and 9c
are not always collocated (e.g., over 90°E), and much
of the height variation in circulation centersis still lack-
ing in the uniform 70% model run. The structure and
tilt in the equatorial cross section appears to be driven
by the trans-Pacific gradient in stratiform rain fraction,
which is especially pronounced during El Nifio.
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FiG. 8. The 400-hPa latent heating (shaded) and the resulting 250-hPa streamfunction anomalies (contours) for the NCEP basic state for
(a) La Nifa (JFMA 1999) and (b) El Nifio (JFMA 1998) and latent heating derived from the PR precipitation and stratiform rain fraction
fields for the same periods. The streamfunction contour interval is 2 X 108 m? s1, and negative contours are dashed.

8. Effects of nonprecipitating convection and cloud
radiative forcing

While the crux of this paper lies in the qualitative
circulation forced by the latent heating derived from
Tropics-wide observations from the TRMM satellite, we
would like to address possible factors that may affect
both the magnitude and pattern of the model response,
including the relatively strong damping and latitudinal
tapering of precipitation required to keep our model
stable; the absence of orography, transients, and wave—
mean-flow interactions from our model; the possible
underestimation of low-level precipitation by the
TRMM PR; and the absence of other components of the
full diabatic forcing. Valdes and Hoskins (1989) and
Ting and Sardeshmukh (1993) found that using solely
tropical heating and applying large changes in model
damping produces only small effectsin the tropical cir-
culation, and sensitivity tests performed using untapered
precipitation fields and different damping parameters
indicate that these aspects of our model are not respon-
sible for the large changes in amplitude within the Trop-
ics. The results of previous studies (Wang and Ting

1999; Held et a. 2002) also suggest that the absence of
orography, transients, and wave-mean-flow interactions
are unlikely to have a strong influence on tropical cir-
culation anomalies (except for orographic influences
near the Tibetan Plateau). Bowman et al. (2003) and
Serra and McPhaden (2003) found that the TRMM PR
underestimates surface rain compared to buoy obser-
vationsin the tropical Pacific. Sensitivity tests show that
the change in the model response is, to first order, lin-
early related to the amplitude change in the forcing.
Thus, an increase in precipitation of 20% would increase
the circulation response by about 20%, but will not
change the pattern of the response. Inclusion of other
components of the diabatic heating field will be the
focus of the rest of this section.

In the Tropics, cloud radiative forcing (CRF) repre-
sentsthelargest contribution to the total diabatic heating
after latent heating and can account for a significant
portion of the atmospheric response to tropical precip-
itating systems (Bergman and Hendon 2000). Also, the
redistribution of latent heating by nonprecipitating con-
vective clouds can alter the vertical gradient of the latent
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Fic. 9. Vertical cross sections of o (shaded) and zonal wind (con-
tours) anomaly fields averaged along the equator from 8.5°N-8.5°S
for the NCEP basic state for El Nifio (JFMA 1998) and latent heating
derived from the PR-observed precipitation and stratiform rain frac-
tions of (a) 40%, (b) 70%, and (c) observed. The units for the zonal
wind contours are m s—*; negative contours (easterlies) are dashed.

heating profile, especialy at lower levels. Simple as-
sumptions with the PR data make the examination of
CRF and nonprecipitating convection within regions of
tropical precipitating systems possible.
Nonprecipitating clouds do not add latent heat to the
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Fic. 10. Idealized latent heating profiles for nonprecipitating cu-
mulus (dotted) in (a) deep and (b) shallow convective rain. The orig-
inal convective latent heating profiles from Fig. 3aare shown (dashed)
along the resulting convective latent heating profiles after the redis-
tribution of latent heating from nonprecipitating cumulusis taken into
account (solid). The x axis is meant to be nondimensional; however,
it could be thought of as K day* for a specified surface rain amount.

atmosphere, although they do affect the distribution of
heating in the vertical (e.g., Nitta and Esbensen 1974;
Johnson and Lin 1997). The latent heating profile of a
nonprecipitating cumulus cloud is positive in the lower
part of the cloud, due to net positive condensation, and
negative in the upper part of the cloud where detrain-
ment occurs and evaporation exceeds condensation.
Johnson et al. (1999) point out that low-level cumulus
associated with the trade inversion and midlevel cu-
mulus congestus in the vicinity of the 0°C level are
prominent cloud types in the Tropics. We assume that
populations of nonprecipitating cumulus and cumulus
congestus occur in the same time and space domains as
the precipitating clouds seen by the PR.

The dotted profiles in Fig. 10 are our assumed latent
heating profiles for deep and shallow nonprecipitating
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convective clouds and were constructed to be consistent
with the budget studies of Nitta and Esbensen (1974)
and Johnson and Lin (1997). The vertical integral of
each curve is zero, so latent heat is not added to the
system: each profile simply redistributes latent heating
in the vertical. When the deep nonprecipitating con-
vective profile is added to the original deep convective
profile (Fig. 10a, dashed curve; see also Fig. 3a), the
resulting lowering of the peak heating to 3.5 km (solid
curve) is within the range of maximum heating heights
seen in budget studies of deep convection (e.g., Johnson
1984). It is difficult to make an equivalent comparison
in the shallow convective case (Fig. 10b) because the
literature lacks budget studies that single out a shallow
precipitating regime. The new convective latent heating
profiles are substituted for the original convective pro-
files in order to calculate the four-dimensional latent
heating field taking into account nonprecipitating cu-
mulus.

Clouds associated with mature precipitating convec-
tive systems arelargely opaqueto infrared (IR) radiation
and act to counter the IR energy lossto space that occurs
under clear-sky conditions (Gray and Jacobsen 1977).
Infrared CRF in mature precipitating convective systems
generally warms the troposphere, except for large IR
losses (cooling) near cloud top. Deep cloud systemsal so
absorb solar radiation in their upper levels. Over aday’s
time, IR cooling and shortwave warming at the cloud
top largely cancel one another such that CRF only weak-
ly cools at the uppermost level s of deeper cloud systems.
Houze (1982) included the radiative heating as part of
the total heating profile of a tropical mesoscale system
and showed that the CRF in stratiform regions acts to
reinforce the upper-level latent heating maximum. Berg-
man and Hendon (2000) also found that CRF reinforces
the circulation from latent heat release in deep convec-
tive systems, and they showed that the radiative com-
ponent of shallow clouds tends to be dominated by re-
flection of solar radiation such that the CRF is negative.

Unlike latent heating, radiative heating is associated
with the area covered by cloud rather than with the
amount of rain produced. Therefore, to estimate a CRF
in each rainy area, we use the TRMM PR measurement
of the area covered by precipitation. For the relevant
time period, each 2.5° grid box in the Tropics has a
fractional area covered by shallow convective, deep
convective, and stratiform radar echo as seen by the PR.
However, since the cloudy area generally greatly ex-
ceeds the rainy area, we must apply some factor to the
TRMM PR observed rain area to estimate the cloud
cover. We refer to the International Satellite Cloud Cli-
matology Project (ISCCP) results (Rossow and Schiffer
1991, see online at http://isccp.giss.nasa.gov) for acli-
matology of fractional cloud cover.® The fractional area

3 |SCCP cloud detection is based on variations of visible and in-
frared radiation from clear-sky conditions as observed by a suite of
operational satellites. The cloud detection algorithm is described in
Rossow and Garder (1993).
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Fic. 11. Idealized cloud radiative forcing profiles in regions with
shallow convective, deep convective, and stratiform rain, assuming
100% cloud cover.

covered by PR precipitation ranges from 5%-10% in
regions of large rain accumulation and 1%-5% in re-
gions of low rain accumulation, whereas the ISCCP cli-
matology indicates cloud fractions of 60%—-90% in
heavy rain regions and 20%-50% in light rain regions.
So as a rough estimate of fractional cloud cover asso-
ciated with the PR echoes, we multiply the fractional
areas covered by shallow convective, deep convective,
and stratiform precipitation seen by the PR by 10 to
estimate the cloud cover in each category. However, the
total fractional cloud cover is never allowed to exceed
90%.

Figure 11 shows the idealized CRF profiles that we
apply to the area covered by each type of precipitating
cloud category. The dotted curveisthe CRF that applies
if 100% of the area of the grid box is covered by deep
convective cloud. This curve is essentially a direct can-
cellation of the clear-sky cooling based on Gray and
Jacobson (1977). Similarly, the dashed curve shows the
CRF that applies if 100% of the area of the grid box is
covered by stratiform cloud. Stratiform cloud is as-
sumed to have a base at or above the 0°C level so more
warming occurs at upper levels, and less at lower levels
(Webster and Stephens 1980). The shallow convective
CRF (dashed—dotted) has a negative CRF in the lower
troposphere (Bergman and Hendon 1998). Note that
stratus decks are excluded from this exercise since we
have no proxy for stratus cloud distributions using PR
observations. The net radiative forcing for the grid box
is obtained by multiplying each curve by the actua
percentage coverage by the respective cloud type and
summing to obtain the net forcing. The net CRF com-
puted in this manner is then added to the net latent
heating profile field.
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Fic. 12. Profiles of total heating (including nonprecipitating con-
vection and CRF) for 0%, 40%, and 70% stratiform rain fraction and
0%, 75%, and 90% stratiform rain area fraction assuming 3.6 m yr —*
rain accumulation, 90% cloud cover, and 10% of the rain and rain
area is shallow convective.

Figure 12 presents three profiles of net latent plus
cloud radiative heating computed from combinations of
stratiform rain fraction (for the latent heating) and strat-
iform rain area fraction (for the CRF) for 3.6 m yr—* of
rain and 90% cloud cover. Comparison to Fig. 3b shows
that the additional heating profiles both increase the
magnitude of the heating and alter the vertical gradient
of the heating. With the additional heating, the purely
convective case has a lower, stronger heating maximum
at 3 km. In the case of 40% stratiform rain fraction and
75% stratiform rain area fraction, the upper-level heat-
ing maximum strengthens and is elevated to 8 km, and
there is a weaker lower-level maximum at 3 km. In the
case of 70% stratiform rain fraction and 90% stratiform
rain areafraction, the maximum around 8 km has sharp-
ened and there is almost no low-level cooling.

The model was run using the NCEP basic state and
the heating derived from precipitation only and from
precipitation with the additional heating componentsfor
DJF 1998-2000. The vertical cross sections of zona
wind and w anomalies averaged along the equator from
8.5°N-8.5°S are shown in Fig. 13. The response to the
precipitation-only latent heating (Fig. 13a) has structure
similar to the model response to the annual heating and
aresting basic state (Fig. 6d). The maxima and minima
of w are centered between 400—600 hPa, and a quad-
rapole structure of zonal wind anomalies is over the
Indian Ocean and the central Pacific along with asmaller
couplet over the Atlantic. The low-level zonal wind
maxima and minima range from 600-800 hPa, while
the upper-level zonal wind minima and maxima are
around 200 hPa.

The response to the addition of the heating from non-
precipitating convective clouds and CRF is shown in
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Fic. 13. Vertical cross sections of w (shaded) and zonal wind (con-
tours) anomaly fields averaged along the equator from 8.5°N-8.5°S
for (a) model results based on PR DJF precipitation and stratiform
rain fraction, (b) model results based on the PR DJF precipitation
and stratiform rain fraction with additional heating from nonprecip-
itating convection and cloud radiative forcing, and (c) NCEP DJF
reanalysis.

Fig. 13b. The » anomalies strengthen and extend to
lower levels. The upper-level zonal wind anomalies
strengthen and the centers move up to ~150 mb. The
lower-level zonal wind cells strengthen slightly and ex-
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tend to lower levels. Despite the lack of land—sea con-
trasts, topography, and stratus cloud effects, the lower-
level circulation response looks somewhat reasonable.
Thus, the additional heating strengthens the upper-level
circulation features and creates a more realistic low-
level circulation, but does not change the overall struc-
ture of the pattern associated with the spatial variability
inthe percent of rain that is stratiform. Figure 13c shows
that the response to the additional heating is more con-
sistent with NCEPR.

9. Conclusions

Observations from the TRMM PR between 1998—
2000 provide the rainfall pattern across the Tropics and
indicate significant geographical and temporal variabil-
ity in the proportion of rain that is stratiform across the
equatorial regions, most prominently across the Pacific
basin (Schumacher and Houze 2003a). We have inferred
the vertical distribution of heating from the stratiform
rain fractions observed by the TRMM PR, in accordance
with previous studies of tropical convection. The de-
rived vertical distribution of heating varies horizontally
across the Tropics in direct correspondence to the strat-
iform rain fraction. We have forced an idealized general
circulation model with the three-dimensional latent
heating derived from TRMM PR observations for dif-
ferent subsets of the 1998-2000 study period (i.e., sea-
sonal and annual averages) in order to obtain the quasi-
steady state, nonlinear, zonaly asymmetric dynamical
response. This study shows that the geographical and
temporal variability in stratiform rain fraction plays an
important role in shaping the structure of the large-scale
tropical circulation response to precipitating cloud sys-
tems.

Simple experiments were performed using a resting
basic state and the latent heating derived from annually
averaged precipitation observed by the PR assuming
uniform stratiform rain fractions of 0% (purely con-
vective) and 40% (the Tropics-wide average). The mod-
el response to these latent heating distributions shows
that higher stratiform rain fractions lead to elevated cir-
culation centers and a stronger upper-level response, in
agreement with Houze (1982) and Hartmann et al.
(1984). However, vertical cross sections along the equa-
tor show circulations at constant heights. Recal culation
of the input latent heating with the PR stratiform rain
fraction leads to a model response in which the height
and vertical extent of the circulation centers vary and
the equatorial zonal wind field exhibitsatilted structure.
The zonal gradient in stratiform rain fraction, especially
the pronounced increase from ~30% over Indonesia to
~60% over the eastern tropical Pacific, is the primary
reason for this horizontal variation in the height of cir-
culation centers. If the stratiform rain fraction is as-
sumed to be a uniform 70%, the model response shows
some variation in the heights of the midlevel circulation
centers, but an unrealistic circulation at lower levels
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results. Thus, height variationsinthetropical circulation
leading to a tilt in the zonal wind anomaly field are
better simulated with the latent heating based on the
observed, geographically varying stratiform rain frac-
tion field than by applying a geographically uniform
stratiform component.

More readlistic experiments performed using NCEP
basic states and PR precipitation and stratiform rain
fractions from JJA and DJF show realistic seasonal var-
iations of the upper-level streamfunction anomaly field
in the Tropics. This result is in agreement with Wang
and Ting (1999), who showed that diabatic heating
maintains the tropical stationary waves throughout the
seasonal cycle. Outside of 30°N-30°S, the upper-level
wave propagation is weak. The model was forced only
with a tropical heat source so we did not expect to
capture the full extratropical wave train. In addition,
orography, transient eddies, and nonlinear interactions
between forced waves and the mean flow were not pres-
ent in the model.

The response of the tropical circulation to latent heat-
ing during the 1998 El Nifio is extremely sensitive to
the magnitude and horizontal variability of the strati-
form rain fraction. During El Nifio, higher rain accu-
mulations shift into the central and eastern Pacific. The
east—west gradient in stratiform rain fraction intensifies,
with stratiform rain fractions as low as 20% over In-
donesia and as high as 70% in the east Pacific. These
differences lead to major changes in the tropical latent
heating field and greatly alter the Pacific upper-level
streamfunction anomaly pattern produced by the model.
The circulation response to the latent heating based on
the observed stratiform rain fraction during the 1998 El
Nifio is stronger than the response to the latent heating
based on a uniform value of 40% (the annually averaged
Tropics-wide average). Latent heating based on a uni-
form stratiform rain fraction of 70% produced circu-
lation anomalies closer in amplitude to the response
obtained using the latent heating based on the observed
El Nifio stratiform rain fractions, but the uniform hor-
izontal profile failed to capture the height variation in
the w anomalies and the tilted structure in the zonal
wind field. Again, the tilt in the equatorial cross section
appears to come from the spatial variability of the per-
cent of rain that is stratiform, while the magnitude of
the stratiform rain fraction dictates the strength of the
upper-level circulation response.

We examined other components of the total heating
profile associated with tropical precipitating systems
that were not included in the precipitation-based latent
heating estimates, namely, the redistribution of latent
heating by nonprecipitating cumulus and cloud radiative
forcing. These modifications to the heating profiles in-
crease the magnitude of the model response and create
a more realistic low-level circulation, but do not gen-
erally change the overall pattern originally forced by
the spatial variability of the percent of rain that is strat-
iform.
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This study stresses the importance of accurately cap-
turing the stratiform rain field because the attendant var-
iations in the latent heating structure are important to
tropical and extratropical circulation variations. General
circulation models have difficulty in accurately produc-
ing the stratiform component of tropical mesoscale sys-
tems (cf. PR observations with White and Saha 1995
and Nigam et al. 2000; see also Lin et al. 2004); how-
ever, efforts are being made to improve model param-
eterizations of the mesoscale components of deep con-
vection (Donner et al. 2001; Fowler and Randall 2002).
TRMM PR observations are useful both as targets for
refinement of general circulation model physical param-
eterizations and tools with which to understand tropical
and extratropical atmospheric circulation variability.
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