15 ApPrIL 2001

TIAN ET AL.

Heat Balance in the Pacific Warm Pool Atmosphere during
TOGA COARE and CEPEX

BA1JUN TIAN, GUANG JUN ZHANG, AND V. RAMANATHAN

Center for Atmospheric Sciences, Center for Clouds, Chemistry and Climate, Scripps Institution of Oceanography,

University of California, San Diego, La Jolla, California

(Manuscript received 30 September 1999, in final form 25 April 2000)

ABSTRACT

The atmosphere above the western equatorial Pacific warm pool (WP) is an important source for the dynamic
and thermodynamic forcing of the atmospheric general circulation. This study uses a high-resolution reanalysis
and several observational datasets including Global Precipitation Climatology Project precipitation, Tropical
Ocean Global Atmosphere (TOGA) Tropical Atmosphere Ocean moored buoys, and Earth Radiation Budget
Experiment, TOGA Coupled Ocean—-Atmosphere Response Experiment (COARE), and Central Equatorial Pacific
Experiment (CEPEX) radiation data to examine the details of the dynamical processes that lead to this net
positive forcing. The period chosen is the period of two field experiments: TOGA COARE and CEPEX during
December 1992-March 1993.

The four months used in the study were sufficient to establish that the warm pool atmosphere (WPA) was
closeto astate of radiative—convective—dynamic equilibrium. The analysis suggests that the |large-scale circulation
imports about 200 W m~2 of sensible heat and about 140 W m~2 of latent energy into the WPA mainly through
the low-level mass convergence and exports about 420 W m~2 potential energy mainly through the upper-level
mass divergence. Thus the net effect of the large-scale dynamics is to export about 80 W m~2 energy out of
the WPA and cool the WPA by about 0.8 K day—*. The dynamic cooling in addition to the radiative cooling of
about 0.4 K day—* or 40 W m~2 |eads to a net radiative-dynamic cooling of about 1.2 K day* or 120 W m~2,
which should be balanced by convective heating of the same magnitude.

The WPA radiative cooling is only about 0.4 K day—*, which is considerably smaller than previously cited
values in the Tropics. This difference is largely due to the cloud radiative forcing (CRF), about 70 W m~2,
associated with the deep convective cirrus clouds in the WPA, which compensates the larger clear sky radiative
cooling. Thus moist convection heats the WPA, not only through the direct convective heating, that is, the
vertical eddy sensible heat and latent energy transport, but also through the indirect convective heating, that is,
the CRF of deep convective clouds. The CRF of the deep convective clouds has a dipole structure, in other
words, strong heating of the atmosphere through convergence of longwave radiation and a comparable cooling
of the surface through the reduction of shortwave radiation at the surface. As a result, the deep convective
clouds enhance the required atmospheric heat transport and reduce the required oceanic heat transport significantly
in the WPR. A more detailed understanding of these convective processes is required to improve our understanding
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of the heat transport by the large-scale circulation in the Tropics.

1. Introduction

The western equatorial Pacific warm pool (WP) con-
tains the largest body of warm water found in the planet
with annual mean sea surface temperature (SST) ex-
ceeding 302 K. The WP atmosphere (WPA) is an im-
portant source for the dynamic and thermodynamic forc-
ing of the atmospheric general circulation and it plays
a central role in the ElI Nifio—Southern Oscillation phe-
nomena (Webster and Lukas 1992). A primary objective
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of the Tropical Ocean Global Atmosphere Coupled
Ocean—Atmosphere Response Experiment (TOGA
COARE; Webster and Lukas 1992; Godfrey et al. 1998)
and the Central Equatorial Pacific Experiment (CEPEX;
Ramanathan et al. 1993) was to carefully observe and
better understand ocean—atmosphere coupling in the WP,
In spite of its importance, we have not yet developed a
sound understanding of the physical processes that gov-
ern the extent, the depth, and the SST of the WP, And
the successful simulation of the WP still remains an
elusive goal. Most of the studies concerning the regu-
lation of SST in the WP assume that the large-scale
atmospheric circulation is very efficient in exporting
heat out of the WPA (e.g.,, Ramanathan and Collins
1991; Fu et al. 1992; Wallace 1992; Hartmann and
Michelsen 1993; Lau et al. 1994; Pierrehumbert 1995).
Yet none of these studies have addressed how the large-
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FiG. 1. The 4-month average (from Dec 1992 to Mar 1993, the same latter) SST from the FSU
reanalysis. This unit is K. The Pacific warm pool (WP) used for this study extends from 150°E
to 180° and from 10°S to 10°N, which crudely corresponds to the TOGA COARE large-scale array

(LSA).

scale circulation exports heat. The purpose of this study
is to understand the role of the large-scale dynamicsin
the WP atmospheric heat balance and the overall heat
balance picture in the WPA.

Several previous studies on the tropical heat balance
arerelevant to our work. Riehl and Malkus (1958, 1979)
studied the heat balance in the equatorial trough zone.
They found that the equatorial trough zone receives the
latent heat accumulated by the lower trades. As the air
is lifted in the trough zone, latent energy is converted
to sensible heat and potential energy to balance the ra-
diation losses. The residue is exported poleward aloft
in the form of sensible heat and potential energy. Riehl
and Malkus (1958, 1979) aso found that in the equa-
torial trough zone, due to the radiative cooling and the
heat transport by the gradual mass circulation, the upper
troposphere cools at a rate of about 2 K day-*. To com-
pensate for this cooling, they proposed a mechanismin
which buoyant parcelsrisein undiluted hot towers, com-
pensated mass-wise by the downdrafts. It is shown that
atotal of 15005000 active undiluted hot towers around
the globe in the equatorial trough zone are required to
balance that heat loss. Oort (1971) and Oort and Peixoto
(1983) studied the atmospheric heat transport using the
global rawinsonde network data and the daily ship re-
ports. In the Tropics, they found that both the latent
energy and the sensible heat transport are equatorward,
while the potential energy flux is poleward. The energy
flux due to both transient and standing eddies is prac-
tically negligible equatorward of 10° and 15° lat. Tren-
berth and Solomon (1994) computed the heat budget
locally over the entire globe for 1988 using the Earth
Radiation Budget Experiment (ERBE; Barkstrom 1984)
data and the European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric data. They
found that the atmospheric heat transport in the western
tropical Pacific is about 80 W m~2 for January 1988.
The large-scale atmospheric circulation imports the la-
tent energy and exports the dry static energy out of the
tropical Pacific mainly through the stationary divergent

component. To what extent are these results applicable
to the western equatorial Pacific WP? Specifically, what
is the role of the large-scale atmospheric circulation in
the WP atmospheric heat budget? How is the energy
exported out of the WPA? What is the overall heat bal-
ance picture in the WPA? We will address these ques-
tions with the new datasets available for the TOGA
COARE and CEPEX period, that is, from December
1992 to March 1993. The western equatorial Pacific WP
domain in this study extends from 150°E to 180° and
from 10°S to 10°N (Fig. 1). This approximately coin-
cides with the TOGA COARE large-scale array (LSA;
Webster and Lukas 1992), where tremendous observa-
tional datasets are available from TOGA COARE and
CEPEX.

The basic organization of this paper is as follows.
The data used in this study are described in section 2.
Section 3 presents the heat budget equations and the
analysis methods. The results about the WP large-scale
atmospheric heat transport mechanism are shown in sec-
tion 4. In section 5, we analyze the WPA heat source
and synthesize the energy cycle. The uncertainties in
the data and analyses are discussed in section 6. The
main conclusions and the overall heat balance picture
in the WPA are summarized in the last section.

2. Data

To evaluate the large-scal e atmospheric heat transport
in the WPA, high-spatial and temporal resolution dy-
namic and thermodynamic data are required. The ra-
diosonde network observations during TOGA COARE
and CEPEX are not enough for this purpose. Fortu-
nately, a very high-resolution reanalysis covering the
period of TOGA COARE, CEPEX from December 1992
to March 1993 was done by Florida State University
(FSU) using a high-resolution global spectral model
(Krishnamurti et al. 1997). The reanalysis is based on
physical analysis procedures developed at FSU (Krish-
namurti et al. 1991). The observed rainfall used during
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the physical initialization was based on surface and sat-
ellite rainfall as described in Gairola and Krishnamurti
(1992). The physical initiaization involves rainfall and
outgoing longwave radiation (OLR) assimilation using
several reverse algorithms: a reverse cumulus parame-
terization, a reverse surface similarity, and a matching
of the OLR where the model-based values are relaxed
toward satellite based values. The entire processrestruc-
tures the humidity profiles along the vertical and spins
up the convective heating, divergence, and the related
fields consistent with the observed rain rates. The unique
aspects of this reanalysis are the following: (i) It in-
corporates the physical initialization. (ii) It has a very
high-spatial resolution, that is, the horizontal resolution
is triangular 170 waves (roughly 70 km at the equator)
and the vertical resolution is 15 layers between roughly
10 and 1000 mb. (iii) The ECMWF reanalysis was used
as a first guess field. (iv) This is a four times daily
dataset, which can capture the diurnal cycle and has a
high-temporal resolution. This global dataset consists of
al the basic and derived meteorological variables and
is the major dataset for this study.

Several other observational datasets are also used in
this study in order to close the heat budget and check
the reliability of the heat budget calculation based on the
FSU reanaysis. The Globa Precipitation Climatology
Project (GPCP; Arking and Xie 1994) version 1la com-
bined precipitation dataset (Huffman et a. 1997; ftp://
ftp.ncdc.noaa.gov/pub/data/gpep/versionl/) is used to
provide independent estimates of precipitation. Itisa2.5°
X 2.5° gridded, monthly mean precipitation dataset cov-
ering the period from July 1987 to June 1997. It employs
four methods to estimate the global rainfall: Special Sen-
sor and Microwave/lmage, OLR, rain gauge, and nu-
merical model. The moored buoy data from the TOGA
Tropical Atmosphere Ocean (TAO; Hayes et al. 1991;
http://www.pmel.noaa.gov/tao) are used to estimate the
surface turbulent fluxes (e.g., Zhang and McPhaden
1995). The ERBE data from the wide field of view
(WFOV) instrument (http://eosweb.larc.nasa.gov/
HPBIN/grow.pl?+ERBE#ERBE) during COARE and
CEPEX period is used to estimate the radiative flux at
the top of the atmosphere (TOA). The surface radiation
budget isfrom TOGA COARE and CEPEX observations
(e.g., Collins et a. 1996; Chou et al. 1998).

3. Methodology
a. Heat budget equations

The energy or heat in the atmosphere is usually con-
sidered in the form of sensible heat ¢, T, potential energy
® = gz, latent energy Lq, and kinetic energy k = 3(u?
+ v?). Because of its small value, the kinetic energy
can be neglected in the total heat budget (e.g., Riehl
and Malkus 1958, 1979; Oort 1971; Oort and Peixoto
1983; Peixoto and Oort 1992). Using the equation of
state, the continuity equation, and the hydrostatic equa-
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tion, the large-scal e atmospheric sensible heat, potential
energy, and latent energy equations can be written as

J J
&(cpT) + V-(c,Tv) + %(cpTw) - wa

—Q=Qutllc—9- aip(cpT'w'), 1)

b d
— 4+ V. + — + =
ot (dv) ap((IJLu) wa = 0, (2

L)+ VL) + (Law)

- Q= e -9+ 1 lge). @

where ¢ — eisthe net condensation of water vapor per
unit mass, L is the latent heat of vaporization, and Q,
and Q, are referred to as the apparent heat source and
the apparent moisture sink in the atmosphere by Yanai
et a. (1973). For simplicity, the role of liquid water in
the atmosphere is ignored in this paper.

Combining Egs. (1)—(3) gives the large-scale atmo-
spheric moist static energy equation,

oh J

PV W) F o) =Q=Qut Qe ()
whereh = s+ Lg = ¢,T + ® + Lq is moist static
energy and it is also called ‘‘total heat” or ‘‘total en-
ergy” in this paper. Here s = ¢, T + ® is dry static
energy. The term V - (hv) + (9/0p)(hw) represents the
heat transport by the large-scal e atmospheric circulation,
and Q = Q, — Q, = Qg + Q. is the apparent total
heat source in the atmosphere, which includes radiative
heating Qg and convective heating Q. = —(d/op)(h' w").
Following Yanai et al. (1973), it will be assumed that
the small-scale eddies in the horizontal components of
wind have no significant correlationswith c,T', ®', and
Lqg'. But because of the presence of cumulus convection
and turbulence, the vertical eddy transport of sensible
heat and latent energy can be significant. We refer to
this vertical eddy transport of sensible heat and latent
energy by the cumulus convection and turbulence asthe
convective heating or the direct convective heating as
opposed to the indirect convective heating, that is, the
cloud radiative forcing (CRF) of deep convective
clouds. Overbar represents grid mean or large-scale var-
iable, and prime represents the deviation from the mean.
For clarity, overbars have been omitted in Egs. (1)—(4)
except for the convective terms. Equations (1)—(4) form
the basic set of equations to be used in this study.

On the seasonal timescale, the heat storage term is
close to zero and the WPA is in equilibrium, so the
large-scale atmospheric total heat budget Eq. (4) can be
rewritten as

Qr + Qc + Qy =0, %)
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where Q, = —[V - (hv) + (8/9p)(hw)] denotes the dy-
namic heating due to the heat transport by the large-
scale atmospheric circulation. Equation (5) shows that
the WPA is in a state of radiative-convective-dynamic
equilibrium. The roles of the large-scale dynamics, ra-
diation, and convection in the WP atmospheric heat bud-
get are discussed separately in the next two sections.
The role of the large-scale dynamics is our focus.

b. Analysis methods

To compute the large-scale dynamic heat transport in
the WPA, weintegrate Egs. (1)—(4) over the atmospheric
column from the surface to the TOA:

J —
§(cpT) +V-(c,TV) = (va) = Q, = Ry —Rg+ LP

+ SH, (6)

L@ + V(@) + (0a) = 0, )

%ﬁ+v-ﬁz -Q,=LE—-LP, (8

%ﬁJrv-ﬁ:S:RT—RSH_E

+ SH, 9

where () = (1/g) {5 () dp represents the mass-weighted
vertical integral over the atmospheric column from the
surface to the TOA. Here R;, Rs is the net downward
radiation flux at the TOA and at the surface, respec-
tively, and LP = [L(c — €)] is the latent heat release
from precipitation. Also SH = —(1/g)(c,T'w")|,, and
LE = —(Yg)(Lo'q’)|,, are the surface sensible and la-
tent heat flux, respectively.

The |hs of Egs. (6)—9) can be computed using the
FSU fields. To check the accuracy of the budget cal-
culation independently, we will use the observed radi-
ative fluxes and precipitation from the satellite data and
the surface sensible and latent heat fluxes from the
TOGA TAO buoys to estimate the rhs of Egs. (6)—(9).

Thefieldsthat characterize the state of the atmosphere
are highly variablein time. However, climateis defined,
to alarge extent, by the average conditions, which sug-
gests the use of averages over certain time intervals,
such as monthly, seasonal, and yearly averages (e.g.,
Peixoto and Oort 1992). For a large-scale variable A,
the time mean is defined as (A) = |12 A dt/{{; dt and
the transient part is A* = A — (A). In this study, the
time mean corresponds to the monthly mean and the
transients correspond to departuresfromit. So thelarge-
scale dynamic fields can be divided into the monthly
mean circulation (MMC) and the transient eddies (TES),
that is, v = (v) + v*, where (v) = ((u), (v)) is the
MMC, and (v) and {u) are the monthly mean meridional
(Hadley) and zonal (Walker) circulation, respectively.
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Accordingly the monthly mean flux of A can be parti-
tioned into MMC and TEs component:

(AV) = (AXV) + (A*v*). (10)

The first term is the monthly mean flux due to the MMC
and the second term is the monthly mean flux contrib-
uted from the TEs.

The calculation of the large-scale atmospheric heat
transport is very sensitive to the vertical p velocity es-
pecially in the upper troposphere because of the high
stetic stability. Following Yanai and Tomita (1998), the
vertical p velocity o is calculated from the horizontal
divergence and the mass continuity equation with the
surface boundary condition

ws = — psVs- Vg, (11)

where wg, Vs, and @4 are the surface vertical velocity,
horizontal velocity, and geopotential, respectively, and
ps is the air density at the surface calculated using the
equation of state: p, = pJ/RyT,.. The TOA boundary
condition is w; = 0 a p; = 100 mb. Considering that
errors in the divergence field calculation are inevitable
using the analysis data, the adjustment method intro-
duced by Yanai and Tomita (1998) is used to correct
the divergence field. The first guess of the divergence
field at the layer midpoints, D, = [1/(a cose)][ou/oA +
(9/9)(v cose)], is adjusted by adding

D' = ((UT - Ws — fs DO dp)/(ps - pT) (12)

The corrected divergence field D = D, + D’ is used
to obtain the adjusted values of the vertical p velocity
and the energy transport at all levels.

The procedure for making the set of budget calcu-
lations in this study has been established rigorously in
Trenberth (1997). That paper discussed several pitfalls
one must avoid in handling analyzed fields. For ex-
ample, Trenberth (1997) pointed out the difficulties in
dealing with the lower boundary in the p-coordinate
system because of complex orography. However, in this
paper, we are primarily dealing with the WPA with vir-
tually no orography. In addition, Trenberth (1997) noted
that a balanced mass budget is essential for the energy
budget calculation. In this paper, we follow the proce-
dure suggested by Trenberth (1997).

4. Large-scale dynamic heat transport
a. Total heat transport

Using the FSU reanalysis over the 4-month period,
we computed the total heat transport term (V - (hv))
and its contribution from sensible heat, potential energy,
and latent energy. The results are summarized in Table
1. Averaged over the four months, the large-scale cir-
culation exports about 60 W m~2 moist static energy
out of the WPA, of which 160 W m-2isin the form of
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TaBLE 1. The 4-month average (from Dec 1992 to Mar 1993, the
same latter) monthly mean divergence of mass-weighted vertical in-
tegral of the large-scale dynamic moist static energy (h) flux in the
WPA and its contributions from latent energy (Lq), sensible heat
(c,T), potential energy (¢), and dry static energy (s). The unit is W
m-2.

h Lq
60 —100

c,T ¢ S
—260 420 160

dry static energy export and —100 W m~-2 isfrom latent
energy flux convergence. These numbers are compa-
rable to those of Trenberth and Solomon (1994), who
deduced the atmospheric moist static, dry static, and
latent energy transport in the WP to be about 80, 160,
and —80 W m~2, respectively for January 1988. Further
partitioning revealed that the 160 W m~2 dry static en-
ergy export represents the sum of 420 W m~2 export of
potential energy and —260 W m~2 import of sensible
heat. Thusthe large-scal e circulation imports both latent
energy and sensible heat into the WPA, and exports
potential energy out of the WPA. The individual energy
transport is large, however the strong compensation be-
tween potential energy transport and sensible heat plus
latent energy transport reduces the net energy transport
to a relatively small value (e.g., Oort 1971; Oort and
Peixoto 1983).

To understand the energy transport mechanism, we
show in Figs. 2, 3 the vertica profile of (V - (hv)),
{(8l9p)(hw)), and its constituents. The values in these
figures are normalized by c,, such that the units are in
K day—*. A positive value means divergence of heat flux
or cooling, while a negative value denotes convergence
of heat flux or heating. Within the lower troposphere
(below 800 mb), because of the low-level mass con-
vergence of the trade wind, there is a strong horizontal
convergence of moist static energy, with a maximum of
about —60 K day—*. The dominant contribution comes
from sensible heat convergence, although latent energy
convergence is also very important. Potential energy
convergence is negligible (Fig. 2). The large-scale ver-
tical motion transports the sensible heat and latent en-
ergy from the low-level convergence upward to the up-
per troposphere and converts most latent energy and
part of sensible heat into potential energy, accompanied
by latent heat release and adiabatic cooling (Fig. 3).
This upper-troposphere vertical convergence of sensible
heat and potential energy islargely balanced by astrong
horizontal divergence (export) of moist static energy out
of the WPA, in the form of sensible heat and potential
energy (Fig. 2). Since latent energy decreases rapidly
with height, horizontal divergence of latent energy de-
creases significantly in the upper troposphere (e.g., Oort
and Peixoto 1983). Considering Table 1 and Figs. 2, 3
together, it is apparent that the net export of moist static
energy out of the WPA is a relatively small difference
of large horizontal convergencein thelower troposphere
and large horizontal divergencein the upper troposphere
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Fic. 2. The 4-month average vertical profile of the monthly mean
horizontal divergence of the horizontal large-scale dynamic energy
flux in the WPA normalized by c,.

of moist static energy. The lower troposphere mass hor-
izontal convergence imports both sensible heat and la-
tent energy into the WPA. As the air rises, the hori-
zontally converged moisture condenses, and the asso-
ciated latent heat release converts latent energy to sen-
sible heat. At the same time, the rising air, which
undergoes adiabatic cooling, converts part of itssensible
heat to potential energy. When the air reaches the upper
troposphere and moves out of the WPA due to mass
horizontal divergence, potential energy generated dur-
ing the ascent as well as the rest of sensible heat is
exported. This is consistent with the large-scale heat
transport picture suggested by the earlier studies by, for
example, Oort (1971) and Oort and Peixoto (1983).
The horizontal and vertical divergence terms shown
in Figs. 2 and 3 are combined in Fig. 4 to illustrate the
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Fic. 3. The 4-month average vertical profile of the monthly mean
vertical divergence of the vertical large-scale dynamic energy flux in
the WPA normalized by c,.
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3D divergence of the large-scale dynamic heat flux in the WPA nor-
malized by c,.

net divergence of energy within each atmospheric layer
due to the large-scale heat transport. At every level,
except the boundary layer, there is a net divergence of
moist static energy, resulting in a cooling of the WPA
by large-scale motions. The maximum, about 1.2 K
day-*, is located in the upper troposphere (200-500
mb). The minimum, about —0.2 K day~1, is located in
the boundary layer. When integrated vertically, it rep-
resents the net heat transport out of the WPA as given
in Table 1. Note that moist static energy is the sum of
latent energy, sensible heat, and potential energy and
that there is a strong exchange of energy between these
three terms and a strong compensation in these three
forms of energy transport. This compensation reflects
the fact that the latent heat and sensible heat are con-
verted to potential energy in the WP ascending air.

It is of interest to note that the FSU reanalysis sug-
gests that the sensible heat import is greater than the
latent energy import (Table 1). This demonstrates that
the sensible heat convergence is at |least as important as
the latent energy convergence in the WP atmospheric
heat budget. Our current findings about the sensible heat
convergence into the WPA agree very well with those
from the earlier studies by Oort (1971), Oort and Peixoto
(1983), and Masuda (1988).

b. Heat transport by MMC and TEs

The monthly mean large-scale dynamic heat transport
can be partitioned into transport by the MMC and by
the TEs:

(V-(v) = V-] + V-[(hFve],  (13)

where V -[(h)(v)] is the monthly mean large-scale
dynamic heat transport due to the MMC and
V - [{(h*v*)] is that due to the TEs. The rhs of Eq. (13)
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TABLE 2. Contributions to the 4-month average large-scale dynamic
energy transport in the WPA from the monthly mean circulation
(MMC), and transient eddies (TEs). The unit is W m-2

h Lg c,T ¢ s
MMC 40 —120 —260 420 160
TEs 20 20 0 0 0

and their contributions from each energetic form are eval-
uated and summarized in Table 2.

The major part of the large-scale heat transport out
of the WPA is accomplished by the MMC, that is, the
large-scale overturning associated with the divergent
wind component in the Hadley circulation and Walker
circulation. The MMC exports about 40 W m~2 energy,
that is, about 70% of the total heat export, whereas the
TEs export about 20 W m~2 energy, about 30% of the
total energy transport, out of the WPA. Thelower branch
of the MMC imports both latent energy (about —120
W m~2) and sensible heat (about —260 W m~2) into
the WPA, while the upper branch of the MMC exports
potential energy (about 420 W m~2) out of the WPA.
The TEs mainly transport the latent energy out of the
WPA, which isoppositeto the MM C latent energy trans-
port (e.g., Masuda 1988). The TEs transport of sensible
heat and potential energy is amost zero (e.g., Riehl and
Malkus 1958). Overall, the role of the TES in the large-
scale dynamic heat transport is small but still important
in the WPA. These results agree very well with the
conclusions from earlier studies by, for example, Oort
(1971), Oort and Peixoto (1983), Masuda (1988), Tren-
berth and Solomon (1994) for the Tropics.

c. Spatial variations

Figures 5a—e show the horizontal distribution of the
large-scale transport of moist static energy, dry static
energy, latent energy, sensible heat, and potential en-
ergy. As anticipated from Figs. 2, 3, and 4, in most
regions of the WP, there is a net divergence of moist
stetic energy, dry static energy and potential energy,
and a net convergence of latent energy and sensibleheat.
The maximum is approximately located between 5°N
and 5°S, where the highest SST isfound. In the northern
part of the WP, that is, between 5° and 10°N, where
there is a strong SST gradient and relatively cold SST
(below 301.5 K), there is a divergence of latent energy
plus sensible heat and aconvergence of potential energy.
The spatial pattern of dry static energy transport is sup-
ported by Lin and Johnson (1996), who showed that
there is a precipitation maximum near (160°E, 5°S),
(170°E, 5°N), and 5°N west of 160°E during the TOGA
COARE intensive observing period (IOP). Our study
showsthat there are strong spatial variationsinthelarge-
scale heat transport in the WP during TOGA COARE
and CEPEX. This is consistent with Lin and Johnson
(1996), Godfrey et al. (1998), Curry et a. (1999), Chou
et al. (2000), and Johnson and Ciesielski (2000), who
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also show that there are strong spatial variationsin SST,
deep convection, cloud, latent heat release, and the sur-
face heat fluxes.

As seen in the total heat budget equations (4) and (9),
the atmospheric moist static energy export is balanced
by the mass-weighted vertical integral of the apparent
total heat source in the atmosphere, in other words, the
surface turbulent heat flux and the net radiative flux into
the atmosphere. As will be seen later in section 5, the

Fic. 5. The 4-month average spatial distribution of the monthly mean
divergence of mass-weighted vertical integral of the large-scale dy-
namic heat flux in the WPA. The unit is W m=2. (a) Moist static
energy, (b) dry static energy, (c) latent energy, (d) sensible heat, and
(e) potential energy.

clear sky radiation has a strong cooling effect in the
WPA. The moist static energy transport by the large-
scale circulation in the WPA is entirely from the direct
convective heating {(Q.) and the indirect convective
heating. Because of both the direct and indirect con-
vective heating, there is a radiative-convective disequi-
librium, that is, the convective heating exceeds the ra-
diative cooling, which provides a net apparent total heat
source for the WPA. Induced by the apparent total heat
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Fic. 6. The 4-month average vertical profile of the monthly mean
apparent total heat source Q, apparent heat source Q,, apparent mois-
ture sink Q,, radiative heating Qg, and convective heating Q. in the
WPA normalized by c,.

source, the air ascends nonmoist adiabatically and ex-
ports the heat out of the WPA. Therefore to understand
the large-scal e dynamic heat transport, the detailed anal -
ysis of both the direct and the indirect convective heat-
ing is required.

5. Derived heat sources

As discussed in section 4, the large-scale circulation
cools the WPA. There must exist an energy source for
the WPA to maintain its equilibrium because the heat
storage is negligible in the period of this study [Egs.
(4) and (5)]. The apparent total heat source Q inferred
from the large-scale dynamic heat transport and its con-
tributions from radiation and convection are examined
in this section.

a. Apparent total heat source

Figure 6 recasts the results in Fig. 4 in terms of the
apparent total heat source. The strong dynamic cooling
indicates that there is a strong, positive apparent total
heat source at al levels except the boundary layer (Fig.
6). Since the area and the period of the present study
largely coincides with those of TOGA COARE, the ap-
parent heat source Q, and the apparent moisture sink
Q, are also calculated using Egs. (1) and (3) from the
FSU reanalysis and can be compared with those from
TOGA COARE by Lin and Johnson (1996), Frank et
al. (1996), and Johnson and Ciesielski (2000). We note
that there are some qualitative similarities in both Q,
and Q, profiles. Here Q, is positive throughout the tro-
posphere with a maximum of about 2.3 K day—* near
the 400-mb level (Fig. 6), and Q, has two weak peaks
below 900 mb and above 400 mb, and a single minimum
about 1 K day—* near 600 mb (Fig. 6). The maximum
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magnitudes of Q, and Q, are also very similar to the
LSA values from Frank et al. (1996), but are smaller
than the outer sounding array (OSA) and the intensive
flux array (IFA) values from the COARE studies. This
is consistent with the strong spatial variations of the
energy transport as we show in section 4c.

b. Radiative heating

During the TOGA COARE and CEPEX period, the
average ERBE WFOV WPA TOA net downward ra-
diative flux is about 110 W m~2. The uncertainties are
about 10 W m~2 (Rieland and Raschke 1991, see dis-
cussion in Trenberth and Solomon 1994). During |OP,
the 4-month average WP surface net downward radia-
tive flux is about 145 W m~2 with uncertainties of about
30 W m~2 according to the TOGA COARE observations
(Chou et al. 1998). The WP surface net downward ra-
diative flux on March 1993 is about 180 W m~2 with
uncertainties of about 30 W m~2 from the CEPEX ob-
servations (Collins et al. 1996). The approximate av-
erage of COARE and CEPEX value, which isabout 150
W m~2 with uncertainties of about 30 W m=2, is used
as our estimate of the 4-month average WP surface net
downward radiative flux. Since the available observa-
tional radiation data do not give the radiative heating
profile, Dopplick’s (1979) tropical (10°N-10°S) radia-
tive heating profile is adopted and normalized by the
WPA radiation fluxes from ERBE, COARE, and CE-
PEX, as our final estimate. It should be noted that we
only use Dopplick’s (1979) vertical profile, but not his
absolute value.

The radiative heating rate in the WPA is only about
—0.4 K day—*, which is equivalent to a radiation flux
convergence of —40 W m~2 with uncertainties of about
30 W m~2. This number agrees very well with the ra-
diative heating rate in IFA or outer sounding array dur-
ing IOP by the independent studies of T. Ackerman
(cited in Frank et al. 1996) and Johnson and Ciesielski
(2000) from the atmospheric budget (their Table 5).
When compared with the other previous radiation flux
convergence estimates in the Tropics, for example,
—110 W m~2 by Dopplick (1979), —110 W m~2 by Cox
and Griffith (1979), and —90 W m~2 by Thompson et
al. (1979), the radiative cooling in the WPA is dramat-
ically smaller. This difference is largely dueto the CRF
associated with the deep convective cirrus cloudsin the
WPA (e.g., Stephens et al. 1994; Collins et al. 1996;
Bergman and Hendon 1998; Chou et al. 1998; Sohn
1999). The deep convective clouds compensate the larg-
er clear sky radiative cooling and warm the atmosphere
mainly through the longwave cloud forcing and partly
due to the cloud solar absorption. If we adopt the whole
tropical clear sky radiative flux convergence of about
—110 W m~2 by Dopplick (1979) (see Johnson and
Ciesielski 2000) for the WPA, then the WPA CRF is
about 70 W m-2.

In addition to warming the atmosphere through the
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longwave cloud forcing, the CRF of the deep convective
clouds also cools the surface through the shortwave
cloud forcing (e.g., Ramanathan and Collins 1991; Col-
lins et al. 1996; Waliser et al. 1996; Chou et al. 1998).
TOGA COARE and CEPEX observations show that the
CRF at the surface is about 80—100 W m~2 in the WP
(Collins et al. 1996; Waliser et al. 1996; Chou et al.
1998). So, athough the deep convective clouds have
nearly zero effect on the WP atmosphere—ocean column
heat budget at the TOA (e.g., Ramanathan et al. 1989;
Ramanathan and Collins 1991; Collins et al. 1996), they
have a strong warming effect in the atmosphere and a
strong cooling effect at the surface. Thisdipole structure
is quite similar to the profile of the convective heating
Qc, as we will discuss in section 5c. It is appropriate
then to refer to the CRF of the deep convective clouds
as the “‘indirect convective heating,” and Q. as the
direct convective heating. Like the direct convective
heating, the CRF of the deep convective clouds en-
hances the required atmospheric heat transport and re-
duces the required oceanic heat transport significantly
in the WP, This finding agrees very well with the earlier
study by Zhang and Rossow (1997).

c. Convective heating

Although the CRF of the deep convective clouds pro-
vides astrong heat source for the WPA, the net radiation
is still a heat sink. This radiative cooling in addition to
the dynamic cooling inferred from section 4 must be
balanced by the convective heating [Eqg. (5), Riehl and
Malkus 1958]. The moist convection, in the form of
undiluted hot towers, transports moist static energy from
the ocean surface to the atmosphere through direct con-
vective heating, that is, the vertical eddy sensible heat
and latent energy transport. Figure 6 shows that the
inferred convective heating is around 1 K day—*. The
maximum is about 1.6 K day—* and located in the upper
troposphere between 300 and 600 mb. The minimum is
about the 0.3 K day~* and located at 950 mb, corre-
sponding to the lower peak of Q,. The mass-weighted
vertical integral of the convective heating is equal the
surface turbulent heat fluxes, which are about 100 W
m-2.

The vertical distribution shows that the moist con-
vection provides a net source of moist static energy
throughout the troposphere. This vertical structure is
consistent with Johnson and Ciesielski (2000), in which
Q¢ is expected to be positive throughout the tropo-
sphere. On the other hand, an earlier study by Emanuel
(1994), which estimated Q. from the GARP Atlantic
Tropical Experiment data, shows that convection pro-
vides a net sink of moist static energy in the lower
troposphere. Several causes may be contributed to this
difference. First, different Q data and profile are used
in these two studies (Cox and Griffith 1979). Second,
maybe more importantly, the discrepancy may be due
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to the different location, horizontal scale, and season
considered in these two studies.

d. Overall energy cycle

After analyzing the heat sources and sinks in the
WPA, we summarize the overall WP atmospheric en-
ergy cycle below. The net input solar radiation from the
TOA islargely absorbed by the ocean surface and sub-
sequently transferred to the atmosphere by thermal ra-
diation. Through the complex process of the clear sky
absorber gases and radiation interaction, there is a net
radiative heating at the ocean surface and a net radiative
cooling in the atmosphere (e.g., Kiehl and Trenberth
1997). This is inductive to moist convection. Then the
atmosphere is heated indirectly by both the direct con-
vective heating and the indirect convective heating.
Globally, the atmosphere is in radiative-convective
equilibrium (Kiehl and Trenberth 1997), but locally, for
example, in the WPA, there is a radiative-convective
disequilibrium, that is, the convective heating exceeds
the radiative cooling, which provides anet apparent total
heat source for the WPA. We should point out here that
radiative-convective disequilibrium is due to both the
direct and indirect convective heating.

The apparent total heat source induces the moist ther-
modynamically direct large-scale circulation, which im-
ports sensible heat and latent energy into the WPA
through the low-level mass convergence. Thisimported
energy together with the energy from the apparent total
heat source is then transported upward to the upper tro-
posphere. During the upward transport most latent en-
ergy is converted into sensible heat through the latent
heat release and some sensible heat is converted into
potential energy through the large-scale adiabatic cool-
ing. In the upper-outflow branch of the Hadley and
Walker circulation, the potential energy and sensible
heat are exported out of the WPA to the subtropics or
cold tongue through the large-scale mass divergence.
Obviously the WP air undergoes the nonmoist adiabatic
process, which makes the heat transport possible. Fi-
nally, the total atmospheric heat transport by the large-
scale circulation equal s to the apparent total heat source,
and the WPA reaches a state of radiative-convective-
dynamic equilibrium.

The sources and sinks for each energy form in the
WPA are summarized below. The sources for latent en-
ergy are the surface latent heat flux and the net large-
scale convergence. The sink is the latent heat release,
which converts latent energy to sensible heat. The latent
heat release dominates the latent energy budget [Egs.
(3) and (8)]. There are three sources for sensible heat:
the net large-scale convergence, the surface sensible
heat flux, and the latent heat release. The sinks for sen-
sible heat are the radiative cooling and adiabatic cooling
associated with the large-scale vertical motion, which
converts sensible heat to potential energy. The adiabatic
cooling dominates the sensible heat budget [Egs. (1)
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TaBLE 3. The 4-month average observed precipitation (LP), latent
heat flux (LE), sensible heat flux (SH), radiative heat flux at TOA
(Ry), and surface (Ry) and their uncertaintiesin the WPA from ERBE,
TOGA COARE, TOGA TAO, and CEPEX. The unit isW m-2.
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TABLE 4. The 4-month average mass-weighted vertical integral of
the apparent heat source Q,, the apparent moisture sink Q,, and the
apparent total heat source Q in the WPA from the FSU reanalysis
and observations. The unit is W m=2.

Observed
Fields vaue Uncertainties Observational source
LP 250 60 GPCP
LE 110 30 TAO
SH 10 5 TAO
R; 110 10 ERBE
Rs 150 30 COARE, CEPEX

and (6)]. The source for potential energy is the con-
version from sensible heat due to the adiabatic cooling
associated with the large-scale vertical motion and the
sink isthelarge-scal e export in the upper-outflow branch
of the Hadley and Walker circulation [Egs. (2) and (7)].

6. Uncertainties in the data and analyses

To evaluate the quality of our budget calculation, we
utilize the observations from the surface and satellite.
For the convenience of discussion, we will rewrite Egs.
(6), (8), (9) here:

Q, = Ry — Ry + LP + SH, (6a)
Q, = LP — LE, (8a)
Q =R, — Ry + LE + SH. (9a)

Therhsterms are observabl e quantities and the lhsterms
are the apparent heat source, apparent moisture sink,
and the apparent total heat source calculated from the
reanalysis data. To the extent that the observed fields
are accurate, the difference between the Ihs and rhs
would provide an overall check on the quality of the
reanalysis data and the uncertainties of the budget cal-
culation. In light of this approach, Table 4 shows the
Ihs and rhs terms of Eqgs. (6a), (8a), and (9a), respec-
tively. The observed values of the individual term on
rhs are given in Table 3. The radiation fluxes are esti-
mated from the ERBE TOA, TOGA COARE, and CE-
PEX surface radiation data. The precipitation is eval-
uated from the GPCP version 1a combined precipitation
(Huffman et al. 1997). The surface latent and sensible
heat fluxes are calculated based on the TOGA TAO
moored buoys data (Zhang and McPhaden 1995).

First we discuss the uncertainties in our ‘‘observa-
tional” estimates of Q,, Q,, and Q. As discussed in
section 5b, the uncertainties in the radiative flux into
the WPA from ERBE, COARE, and CEPEX are about
30 W m-2. Gleckler and Weare (1997) have demon-
strated that the uncertainties in Oberhuber’s (1988) sur-
face turbulent heat flux are about 30 W m=2 in the
tropical Pacific mainly due to the systematic errors in
bulk formulas. Since we have used the more accurate
TOGA TAO moored buoy data, 30 W m~2 uncertainty
is an upper limit for the present estimates. As a result,

Observations
FSU and Observational
Fields reanalysis uncertainties sources
0, 160 220 (60) ERBE, COARE,
CEPEX, GPCR, TAO

Q, 100 140 (60) GPCP, TAO
Q 60 80 (30) ERBE, COARE,

CEPEX, TAO

the uncertainties in our observational estimates of Q,
and accordingly the atmospheric and oceanic energy
transport, are about 30 W m~2. Although various ap-
proaches have been attempted to estimate the precipi-
tation in the WP during TOGA COARE, the estimated
precipitation can still vary from 150 to 300 W m~2 (e.g.,
Frank et al. 1996; Lin and Johnson 1996; Johnson and
Ciesielski 2000). This indicates the high variability of
rainfall in the WP and the difficulties of obtaining an
accurate estimate. The GPCP employs four methods to
estimate the rainfall, but 60 W m-2 uncertainties are
expected in the WP Thus, the uncertainties in our ‘* ob-
servational” estimate of Q, and Q, are about 60 W m~2
because of the large uncertainties in the GPCP precip-
itation. Although large uncertainties exist in the obser-
vational estimates of Q,, Q,, and Q, they are still useful
as a benchmark for our energy budget calculation from
the FSU reanalysis.

The observed Q (through the radiative fluxes at the
TOA and the surface, and the latent and sensible heat
fluxes at the surface) is about 80 W m~—2, while our
budget estimated Q, which is moist static energy trans-
port in the WPA, is about 60 W m~2. The differenceis
within the uncertainties of the observed Q, which sug-
gests that Q and moist static energy transport is quite
accurate in our budget calculation. But we find that large
differences exist between the observed and our budget
estimated Q, and Q,. It may be that both Q, and Q, are
underestimated in our budget cal culation such that their
difference (i.e., Q) is comparable to the observations.
Or the GPCP precipitation is overestimated because of
difficulties in ““measuring”” the WP rainfall (Johnson
and Ciesielski 2000). Since our budget estimated Q;
and Q, are very close to those by Trenberth and Sol-
omon (1994), we believe that it is more likely the large
errors in the GPCP precipitation are responsible for
these large differences between the observed and our
budget estimated Q, and Q..

7. Summary

The principal results of this study and the overall heat
budget in the WPA during the TOGA COARE and CE-
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Fic. 7. The 4-month average overall heat budget in the WPA during
the TOGA COARE and CEPEX period from Dec 1992 to Mar 1993.
Here F(h) is the atmospheric heat transport; F(p), F(T), and F(q) are
its contribution from potential energy, sensible heat, and latent en-
ergy, respectively; F(O) is the oceanic heat transport; and R and R,
arethe cloudy sky and clear sky radiative flux convergence separately.
CRF is the cloud radiative forcing (CRF). The data sources are as
follows: ERBE for R;; TOGA COARE and CEPEX for R;; R = R;
— Rg Ry, seetext; CRF = R — R,,; TOGA TAO for LE + SH;
F(h) from Table 4; F(p) from Table 1; F(q) from Table 4; F(T) =
Q, — F(p), while Q, from Table 4.

PEX period from December 1992 to March 1993 are
summarized schematically in Fig. 7.

The net downward radiative flux at the TOA is about
110 W m~2 with uncertainties of about 10 W m-2. The
net downward heat flux at the ocean surface, in other
words, the required oceanic heat transport if heat storage
is neglected, is about 30 W m~2 with uncertainties of
the same magnitude. The net heat flux at the surfaceis
higher than the in situ buoy and ship measurement from
Weller and Anderson (1996), the satellite-derived value
from Chou et al. (2000), and smaller than the satellite-
derived value from Curry et al. (1999). But it agrees
very well with recent blended estimation from Zhang
et a. (2000). Accordingly the required atmospheric heat
transport is about 80 W m~2 with uncertainties of about
30 W m~2. The uncertainties in the air—sea heat fluxes
and the atmospheric and oceanic heat transport are still
large and more work is needed (see more discussion in
Godfrey et al. 1998).

The large-scale circulation imports about 140 W m—2
latent energy and about 200 W m~2 sensible heat with
uncertainties of about 60 W m~2 into the WPA, mainly
through the low-level mass convergence. The large-
scale circulation exports about 420 W m~2 potential
energy with uncertainties of about 60 W m~2 out of the
WPA, mainly by the upper-level mass divergence. The
individual energy transport is large, however the strong
compensation between potential energy transport and
sensible heat plus latent energy transport reduces the
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net energy transport to a relatively small value (e.g.,
Oort 1971; Oort and Peixoto 1983). The net effect of
the large-scale circulation is to export about 80 W m-—2
moist static energy with uncertainties of about 30 W
m-2 out of the WPA, which corresponds to an average
cooling rate of about 0.8 K day—* in the whole tropo-
sphere. About 70% of the large-scale dynamic heat
transport in the WPA is done by the MMC, that is, the
large-scale overturning associated with the divergent
wind component as manifest in the Hadley and Walker
circulation. The TEs play asmall rolein the WPA large-
scale dynamic heat transport. When compared to the
radiative cooling rate in the WPA, the large-scale cir-
culation is very efficient in exporting heat and plays a
vital role in the WP atmospheric heat balance. So our
current findings confirm the assumption of efficient at-
mospheric heat transport that was used by several earlier
studies concerning the regulation of SST in the WR, for
example, Ramanathan and Collins (1991), Fu et al.
(1992), Wallace (1992), Hartmann and Michelsen
(1993), Lau et a. (1994), and Pierrehumbert (1995).

As pointed out by Riehl and Malkus (1958), the heat
source for the WPA is the moist convection, which
transports moist static energy from the ocean surfaceto
the atmosphere through the direct convective heating,
that is, the vertical eddy sensible heat and latent energy
transport. So the direct convective heating has a dipole
structure, in other words, strong heating of the atmo-
sphere and strong cooling of the surface. As a result,
the moist convection enhances the atmospheric heat
transport and reduces the oceanic heat transport in the
WP The moist convection heats the atmosphere at arate
of about 1.2 K day~*, including both the upper and the
lower troposphere. The vertical integral of the direct
convective heating is equal to the surface turbulent heat
flux. The value is about 120 W m~2 with uncertainties
of about 30 W m~2, which agrees very well with thein
situ buoy and ship measurement from Weller and An-
derson (1996).

The radiative heating rate in the WPA is only about
—0.4 K day-*, which is equivalent to a radiation con-
vergence of about —40 W m~2 with uncertainties of
about 30 W m~—2. When compared with the other pre-
viously cited radiation flux convergence in the Tropics,
theradiative cooling in the WPA isdramatically smaller.
This difference is largely due to the CRF, about 70 W
m-2, associated with the deep convective cirrus clouds
in the WPA, which compensates the larger clear sky
radiative cooling, about —110 W m~2. Thus moist con-
vection heats the WPA, not only through the direct con-
vective heating, but also through the indirect convective
heating, that is, the CRF of the deep convective clouds.
The CRF of the deep convective clouds has the same
dipole structure as the direct convective heating. As a
result, CRF of the deep convective clouds enhance the
atmospheric heat transport and reduce the oceanic heat
transport significantly in the WP

Overall asexpected, the WPA isin astate of radiative-
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convective-dynamic equilibrium, that is, the convective
heating balances the radiative cooling and the dynamic
cooling [Eg. (5)]. A more detailed understanding of both
convection and radiation, especialy the direct and in-
direct convective heating, is required to deeply under-
stand the large-scale atmospheric heat transport and at-
mospheric general circulation in the Tropics.
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