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ABSTRACT

The warm tropical oceans underlie the most convective regions on earth and are a critical component of the
earth’s climate, yet there are differing opinions on the processes that control warm pool SST. The Indo—Pacific
warm pool is characterized by large-scale variations in SST approaching 30°C on intraseasonal timescales. In
this study, surface heat flux anomalies associated with composite warm episodes over three spatial scales in
both the Pacific and Indian Ocean basins are examined.

The current study benefits from the recently available National Centers for Environmental Prediction—National
Center for Atmospheric Research reanalysis dataset that enables the examination of variability in surface evap-
oration with moderate confidence. Solar flux estimates from the reanalysis are somewhat less reliable than
evaporation estimates, however, and two techniques that infer surface shortwave radiation from satelliteretrievals
of cloud properties are considered. Error in all measurements is quantified.

Both shortwave and evaporative flux variability play significant roles in modifying the temperature of the
warm pool, though the relative importance of individual flux anomalies depends on SST tendency and geo-
graphical location. There also exist differences in the relative heating roles of the flux anomalies among episodes
within a fixed location, though in instances the resolved differences are less than likely flux estimation error.
Differences also exist between the ocean basins. A more pronounced annual cycle exists in the eastern Indian
Ocean, and SST there is less sensitive to surface thermal forcing. Finally, the analysis offers evidence that SST
is not regulated by a simple atmospheric thermodynamic response to the surface. Instead, the rel ationship between
warm pool variability and large-scale dynamical features of the Tropics (e.g., intraseasonal oscillation and the
seasonal monsoon) is demonstrated. The conclusions are shown to be robust to spatial scale and are consistent
with a recent analysis of Tropical Oceans and Global Atmosphere Coupled Ocean—Atmosphere Response Ex-
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periment observations.

1. Introduction

Interactions between surface processes and atmo-
spheric convection are among the most poorly under-
stood aspects of the climate system and its variability.
In part, progress in diagnosing these interactions has
been hampered by the variety of timescales on which
convection and surface fluxes fluctuate and the scarcity
of datasets that sample adequately such variations.

Because of its relevance to the general circulation,
the warm pool is a region where an understanding of
ocean—atmosphere interactions is particularly important
(e.g., Horel and Wallace 1981; Webster 1994). Figure
1 displays the climatological mean distribution of trop-
ical sea surface temperature (SST) and outgoing long-
wave radiation (OLR), which serves as a proxy for deep
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convection. The warm pool, delineated by the 28°C iso-
therm, covers extensive portions of both the western
Pacific and eastern Indian Oceans and about one-eight
of the total area of the globe. Deep convection expe-
riences strong spatial coherence with the warm pool.
Several studies have shown tropical convection and sur-
face winds to undergo robust variations on intraseason-
al, seasonal, and interannual timescales (e.g., Madden
and Julian 1994; Fu et al. 1992; Druyan and Hastenrath
1994). Associated with these variations are significant
perturbations in surface heat fluxes that play an active
role in modifying both the atmosphere and ocean.
There have been many theories to describe the inter-
actions between deep convection, SST, and the surface
energy balance over the warm pool. Graham and Barnett
(1987) suggest that the intensity of convection over
oceans warmer than 27.5°C is governed by remotely
forced changes in vertical motion and stability. In con-
trast, Ramanathan and Collins (1991) interpret the spa-
tial correspondence between deep convection and warm
oceans as an indication that SST is regulated locally by
cirrus clouds as part of athermodynamically constrained
response to the surface. Wallace (1992) suggestsinstead
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Fic. 1. The mean distribution of Reynolds SST and the 240 W m~2 contour (dotted) of Advanced Very High Resolution Radiometer—
derived OLR. The 28°C SST isotherm is indicated (solid) and shading denotes SST at 1°C increments. Also shown are the six analysis
regions (see text) outlined by solid (small scale), dotted (medium scale), and dashed (large scale) rectangular regions within the Indian and

Pacific Ocean warm pool domains.

that the tropical atmosphere is especially efficient in
eliminating longitudinal gradientsin temperature due to
the limited impact of the Coriolis force. Local SST
anomalies therefore induce large-scale motions that act
to cool the surface. Presumably this cooling mechanism
actsthrough itsinfluence on turbulent fluxes and oceanic
mixing asit is strongly associated with changesin wind
speed. Moreover, Hartmann and Michelsen (1993) iden-
tify evaporative anomalies as principle regulators of
SST based on analysis of observationsfrom the Tropical
Ocean—-Atmosphere moored buoys. Ramanathan and
Collins (1992) reason, however, that as climatological
mean evaporation is lower in the western Pacific than
in the east, evaporation must play a secondary role in
cooling the warmest oceans. Using model wind esti-
mates and three years of satellite-derived cloud prop-
erties from International Satellite Cloud Climatology
Project (ISCCP), Fu et al. (1992) show the cooling due
to evaporation on interannual timescales to be much
greater than that for cirrus clouds. Furthermore, in ex-
amining the phasing of convection, solar radiation, and
wind fields, Fu et a. (1992) demonstrate that surface
convergence precedes deep convection by 1-3 months
during transitions of the seasonal cycle and thereforeis
not forced by SST. More recently, Lau and Sui (1997)
found both evaporative and shortwave components to
be important influences on Pacific warm pool SST dur-
ing intraseasonal variations in convection and winds.
Their conclusions are based on a several-month obser-
vational record from the improved meteorological sur-
face mooring during the Tropical Oceans and Global
Atmospheric (TOGA) Coupled Ocean—Atmosphere Re-
sponse Experiment (COARE) intensive observation pe-
riod (I0P; Webster and Lukas 1992).

The studies cited above exploit different analysis

techniques in reaching their stated conclusions. Much
of the variability sampled by Ramanathan and Collins
(1991, 1992) corresponds to the presence of spatial gra-
dients in their analysis domain. The nature of temporal
fluctuations is therefore largely obscured. In contrast,
the buoy data examined by Lau and Sui (1997) provides
fine temporal resolution from a fixed location. The spa-
tial and temporal brevity of their data, however, raises
guestions concerning its relevence to the longer and
larger scale.

The goal of the current study isto investigate surface
temperature and flux variability over broad domains of
the Indo—Pacific warm pool using a very long-term da-
taset during periods in which the warm pool reaches its
highest SST. The fluxes used in this analysisbenefit from
a more adequate treatment of the large-scale surface
meteorological variations than the studies previously
listed and together represent some of the most extensive
estimations of daily surface flux variability currently
available. Numerous warm episodes over a number of
geographical domains are considered during the distinct
stages of SST warming and cooling. Temporally inte-
grated surface flux anomalies during the warm episodes
will be calculated to assess their impact on oceanic heat
content and SST variability. In conclusion, the role of
the large-scale tropical circulation in warm pool warm
episodes is discussed.

2. Data and method
a. Data
The data used in this study include

1) Reynold's SST at weekly, 1° spatial resolution
(Reynolds and Smith 1994);
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Fic. 2. (Left axis) SST and (right axis) wind speed as measured from the R/V Moana Wave during TOGA COARE. SST is given at both
3-h (dotted line) and daily (dashed line) resolutions. Reynolds SST is shown for comparison (solid line).

2) National Centers for Environmental Prediction
(NCEP)—National Center for Atmospheric Research
(NCAR) (hereafter ““‘thereanalysis’) reanalyzed sur-
face evaporative and radiative fluxes at approxi-
mately 1.9°, 6-h resolution (Kalnhay et al. 1996);

3) Advanced Very High Resolution Radiometer
(AVHRR) OLR retrievals at 2.5° daily resolution;
and

4) surface shortwave flux estimates based on Interna-
tional Satellite Cloud Climatology Project (ISCCP)
cloud retrievals (Bishop et al. 1997).

Reynolds SST estimates are derived from an optimal
interpolation technique that regresses satellite retrievals
against in situ ship and buoy observations. The SST
estimates are representative of temperatures at roughly
1-m depth. Figure 2 shows a comparison between Reyn-
olds estimates and measurements of SST and wind speed
from three cruises of the R/V Moana Wave during
TOGA COARE. Thefirst cruise is characterized by in-
creasing SST with strong diurnal variability during a
period in which winds and convection are weak (Fairall
et al. 1996). The Reynolds estimates resolve adequately
the weekly SST fluctuations, though they tend to un-
derstate the extent of surface warming and fail to resolve
SST'sdiurna cycle (Webster et al. 1996). The majority

of the second and third cruises sample stronger wind
conditions and are characterized by a substantially
weakened SST diurnal cycle. Rms difference between
the observed and Reynolds estimated SST is roughly
0.1°C on average through the three cruises.

Reanalysis evaporation estimates are based on a bulk
flux parameterization that uses Reynolds SST in con-
junction with the model wind, temperature, and humid-
ity fields. Large-scale estimates of evaporation depend
on several model fields, each of which contains uncer-
tainty, and flux observations are not included in the
model initialization. The suitability of the fluxes there-
fore needs to be established.

Figure 3 displays two comparisons of evaporation
estimates, one between the reanalysis and ship mea-
surements (Fig. 3a, from the R/V Moana Wave during
the TOGA COARE IOP; Fairal et al. 1996), and one
between the reanalysis and satellite estimates (Fig. 3b,
Clayson et al. 1993). The ship—reanalysis comparison
gives a strong correlation of 0.89 with a bias of 28.4
W m~2. The degree of agreement is encouraging despite
the wide discrepancy between the scales of comparison;
the reanalysis model grid point represents an area of
roughly 2.5 X 103 km2. The rms difference between
daily averaged bias-adjusted flux estimatesis48 W m~2,
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Fic. 3. Comparison of the reanalysis evaporation estimates with
(@) R/V Moana Wave ship measurements and (b) satellite-retrieved
estimates using the techniques of Clayson et al. (1993). The corre-
lation between the time series is indicated along with the reanalysis
bias.

a value that will be discussed later in error analysis. In
the reanalysis—satellite comparison (Fig. 3b) made over
identical portions of the western Pacific (4°S-4°N,
110°-160°E), a large correlation of 0.79 is found with
asmall biasof +1.7 W m~2. Therelatively strong agree-
ment between ship observations and reanalysis and sat-
ellite estimates is not entirely unexpected as evaporative
variations in the warm pool are caused predominantly
by changes in surface wind speed (Liu et al. 1994),
which are among the reanalysis fields most strongly
influenced by observation.

Reanalysis radiative fluxes are a fully derived model
product. Because the fluxes are strongly dependent on
the model’s cloud representation, which is sometimes
poor (e.g., Hendon and Bergman 1996), two indepen-
dent methods of estimating surface shortwave fluxes
from satellite are used. The first method infers surface
shortwave radiation from OLR (Shinoda et al. 1998)
and is based on a regression against bias-adjusted sur-
face radiation budget (SRB) experiment calculations
(Whitlock et al., 1995). OLR-inferred solar radiation is
useful because of the length of its available climatology.
It also agrees more closely with SRB fluxes over the
warm pool than do the reanalysis or empirical tech-
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niques based on cloud cover (Shinoda et al. 1998).
| SCCP-retrieved solar fluxes (Bishop et a. 1997), while
available over only 8 yr of our data record, result from
a more explicit calculation of surface shortwave fluxes
and are based on radiative modeling of | SCCP-observed
cloud depth, height, and percent. Though the ISCCP
method is a more direct flux calculation than the OLR
technique, the shorter duration of its data record limits
the number of events that can be included in warm
episode composites. Consequently, estimates of surface
solar flux from all of the above-mentioned sources will
be examined.

A comparison between shortwave estimates based on
OLR, the reanalysis, and observations from the R/V
Moana Wave is shown in Fig. 4. The ISCCP product is
unavailable during this period. OLR-inferred shortwave
radiation shows the closest agreement to ship measure-
ments with a correlation of 0.69 and a bias of +1.7 W
m-2. Rms difference between daily averaged measured
and OLR inferred net solar radiation is 49 W m—2. Re-
analysis shortwave estimates show a modest correlation
and bias (0.29, +6.4 W m~2) and an rms difference with
the shortwave observations of 64 W m-2.

Components of the mean annual surface energy bal-
ance over the Pacific and Indian warm pool domains
are summarized in Table 1 using different data sources.
The reanalysis estimates are given along with OLR-
inferred and ISCCP-calculated solar estimates.* For
these products, both the climatological mean and tem-
poral standard deviation are given based on daily re-
solved fluxes from 1982 to 1995 (1983-91 for ISCCP).
Annual mean values from the climatology of Oberhuber
(1988) are also given. Observational estimates from
cruises by Godfrey et al. (1991) and Fairall et al. (1996)
are listed, though the times of year sampled by these
measurements are limited to boreal spring and winter,
respectively.

The largest terms in the surface energy balance are
the upwelling and downwelling longwave emissions. In
the net, these terms offset each other somewhat and their
variation over time is slight with standard deviationsin
daily averaged values near 5 W m-2. The net mean
longwave flux in the reanalysis is approximately 20 W
m-2, or about 25 W m~2 smaller than either the Fairall
et al. (1996) or Oberhuber (1988) estimates. However,
both the Fairall et a. (1996) and Oberhuber (1988) es-
timates are in agreement with the reanalysisin that they
show variation of longwave flux over time to be slight.
Sensible fluxes from the reanalysis agree with cruise
estimates within 1 W m~=2. Like longwave fluxes, sen-
sible flux variations over time are aso small with a
standard deviation of only 3-4 W m~2, The most var-
iabletermsin the surface energy balance are evaporation

1 The ISCCP product has been scaled assuming an ocean albedo
of 0.06.
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FiG. 4. Comparison between daily mean radiative fluxes as estimated by NCEP (solid), OLR inferrals (dashed), and measurements from the
R/V Moana Wave (dotted). Correlations between time series are indicated along with the bias of each relative to ship-based measurements.

and solar radiation, which experience standard devia-
tions of about 20-40 W m~2,

Because of their variability, solar and evaporative
fluxes are also the most influential modifiers of SST.

TaBLE 1. Estimates of the mean surface energy balance over the
Pacific and Indian Ocean warm pool. The standard deviation of daily
averaged values for each flux dataset is given in parentheses.

Evapora- Net
tion Net solar longwave Sensible

Pacific Ocean clima-

tologies

The reanalysis 111 (31) 197 (19) 21 (5) 8 (4)

Oberhuber 91 176 45 5

ISCCP (n/a) 216 (37) (n/a) (n/a)

OLR-derived SW (n/a) 201 (26) (n/a) (n/a)
TOGA COARE cruises

Godfrey et al.

(1991) 122 (n/a) 45 9

Fairall et a. (1996) 102 201 413 (up) 7.1
Indian Ocean climatol-

ogies

The reanalysis 110 (30) 198 (18) 19 (3) 8 (3)

Oberhuber 93 171 a4 5

ISCCP (n/a) 211 (40) (n/a) (n/a)

OLR-derived SW (n/a) 202 (28) (n/a) (n/a)

Reanalysis, OLR-inferred, and cruise-measured solar
fluxes are in mutual agreement within 5 W m~2 over
both the Indian and Pacific warm pool regions. Other
flux estimates do not agree as well, however. Oberhuber
(1988) and ISCCP estimates differ from other solar es-
timates by roughly —25 and +15 W m~2, respectively.
The difference between the ISCCP product and obser-
vationsisin part due to the neglect of atmospheric aero-
sols in the radiative modeling as noted by Bishop et al.
(1997). 1SCCP-retrieved solar fluxes show the greatest
tempora variability (38 W m~2), followed by OLR-
inferred (27 W m~2) and NCEP estimates (19 W m~2).
The various evaporative flux estimates disagree some-
what as Oberhuber (1988) estimates are roughly 31 and
11 W m~2 smaller than the measurements of Godfrey
et al. (1991) and Fairall et al. (1996), respectively. The
reanalysis estimates are larger than those of Oberhuber
(1988) and Fairall et al. (1996) but smaller than those
of Godfrey et al. (1991). Thus, the mean reanalysisval-
ues do not deviate significantly from established cli-
matologies. Temporal variability of evaporation (30 W
m-2) is similar in magnitude to that of solar radiation.

b. Identification of warm episodes

The variation of SST is considered in a composite
analysis of extreme warm episodes over the six regions
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Fic. 5. Mean Reynolds SST (upper solid lines) over the small
Pacific and Indian Ocean warm pool domains (Fig. 1) from 1982
through 1995. The annual cycle is shown by the dashed lines and the
deviation from it is shown by the lower solid line. Warm events are
marked by asterisks and are defined as the time at which SST rises
above 29.5°C and is the warmest in the surrounding 9 weeks.

of the Indian and Pacific domains shown in Fig. 1. Com-
posites of warm episodes are created by identifying
times at which mean SST exceeds 29.5°C and is the
largest in the surrounding nine weeks. Times at which
the SST meets the criteria are referred to as *‘day 0.”
Notably, the criteria do not preclude the identification
of any particular timescale. Flux composites are created
in a linear fashion by compositing about day O of all
episodes. Anomalies in surface energy balance terms
are then calculated by removing the long-term mean (as
in Lau and Sui 1997), and integrated surface heat flux
anomalies are computed based on the magnitude of the
flux anomalies multiplied by their duration. Heat inte-
grations are therefore in units of J m=2. Error in the
fluxes and SST will be assessed under the assumption
that rms deviations between the estimates and obser-
vations (section 2a) are random and are therefore gov-
erned by stochastic statistics.

The analysis of different spatial regions (described in
Fig. 1) accounts for the possibility of differing SST
regulation mechanisms occurring across the breadth of
the Indo—Pacific warm pool and for the potentially dis-
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Fic. 6. The occurrence of identified warm episodes by month. A
total of 48 and 21 episodes are seen over the Pacific and Indian
domains, respectively.

tinct behaviors of the Indian and Pacific basins. The
bulk of the analysis that follows will address composite
variations in warm ocean SST over the smallest of the
regions in the eastern Indian Ocean (5°N-5°S, 85°-
95°E) and western Pacific Ocean (5°N-5°S, 145°-—
155°E) basins. Similarities and differences over the me-
dium- and large-scale regions will then be discussed in
section 3b. It should be noted than even the smallest
analysisregionsare extensive. The small-, medium-, and
large-scale regions cover 1.2 X 108, 3.6 X 10¢, and 7.2
X 10% km?, respectively. In the Indian Ocean, they are
bounded by 5°S-5°N, 65°-95°E, and 10°S-10°N, 65°-
95°E. In the Pacific Ocean, they are bounded by 5°S—
5°N, 145°-175°E and 10°S-10°N, 145°-175°E. All re-
gions are confined or nearly confined within the annual
mean 28° SST isotherm and 240 W m~2 OLR isopleth
in Fig. 1.

The entire time series of mean Reynolds SST over
the small-scale Pacific and Indian Ocean domains from
1982 to 1995 is shown in Figs. 5a and 5b (upper solid
line). Also shown are the times of identified warm ep-
isodes (asterisks), the annual cycle (dotted line), and the
deviation from the annual cycle (lower solid line). Warm
episodes are indicated on both the actual and deviation
time series. In the Pacific, the amplitudes of the vari-
ations and the annual cycle are relatively small with a
magnitude of approximately 0.5°C, and warm episodes
occur roughly 80 days apart, which is similar to the
timescale found by Lau and Sui (1997) for the TOGA
COARE IOPR The annual cycle in the Indian Ocean has
an amplitude about twice as large (1.2°C) as that in the
western Pacific. Warm episodes in the Indian Ocean are
also realized at the peak of intraseasonal variations, but
because of the large influence of the annual cycle, there
are often strong intraseasonal SST variations that do not
exceed 29.5°C. This study will focus on only those
events that exceed 29.5°C in order to focus attention on
ocean—atmosphere interactions over the warmest
oceans.

Figure 6 displays the occurrence of warm episodes
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by month. In the Pacific, the episodes occur throughout
the year with a modest preference for boreal spring and
fall, times during which equatorial incident solar radi-
ation at the top of the atmosphere is at its semiannual
maxima. In contrast, a strong 365-day cycle is present
in the Indian Ocean basin and episodes are confined to
boreal springtime. The importance of this contrasting
annual behavior within the ocean basins will be dis-
cussed later in the context of large-scale ocean—atmo-
sphere interaction.

The length of the available data record allows for the
compositing of multiple episodes that aid in resolving
the flux variability from measurement error and under-
sampling. The total number of episodes identified over
the Pacific and Indian small-scale domainsis 48 and 21,
respectively. Over the medium-scale domains, episodes
total 38 and 17 over the Pacific and Indian basins, and
over the large-scale domains, episodes total 18 and 14,
respectively. The limited duration of ISCCP shortwave
estimates reduces the number of warm episodes sampled
by the data. Within the ISCCP period small-scale Pacific
and Indian compositesinclude 30 and 11 episodes, while
the medium- and large-scale domains cover 23 and 10
episodes, and 14 and 6 episodes, respectively.

3. Composite intraseasonal episodes

We now calculate composite flux anomalies over
small-scale domains and their integrated surfacethermal
forcing in the Pacific and Indian Ocean basins. A com-
parison is then made between the small-scale domains
and the medium- and large-scale domains, followed by
a discussion of variability among individual episodes
and comments on the relation between the episodes and
temporal variability of the Tropics, in general.

a. Small-scale warm pool domains

Figure 7 shows the composite behavior of SST over
both the small Indian and Pacific warm pool domains
together with the standard deviation among composited
events. Composite SST over the Pacific Ocean domain
undergoes an increase of about 0.4°C during warm ep-
isodes, which is comparable to the magnitude of the
annual cycle. Indian Ocean composite SST anomalies
reach roughly 0.5°C. The composite variability of SST
is much larger than alikely error in the Reynolds prod-
uct, which experiences an rms deviation from TOGA
COARE observations of 0.1°C and a corresponding
composite error of approximately 0.02°C.

Figure 8 shows the composite behavior of reanalysis
evaporation over the small domains in the western Pa-
cific and eastern Indian Oceans. The composite SST is
shown by the background dotted line and mean evap-
orative flux is indicated by the horizontal dashed line.
During the warming phase of SST, evaporative flux in
the composite is 5-15 W m~2 below normal during the
20 days prior to day 0. As SST cools, evaporative anom-
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Fic. 7. Composite SST variations for the identified warm episodes
(thick line) in the (a) Pacific Ocean and (b) Indian Ocean small
domains. Standard deviation departures among individual events
above and below the mean are indicated by the dotted and dashed
lines, respectively.

aliesreach +10—+15W m~2, These anomalies are only
somewhat larger than the rms uncertainty in the flux
composite (6 and 10 W m~=2 in the Pacific and Indian
Ocean composites, respectively). Overall, however, the
flux anomalies are consistent with the overall SST ten-
dency and show a similar trend as the ship observations
used by Lau and Sui (1997) in the TOGA COARE pe-
riod.

Figure 9 shows the composite behavior of surface
solar radiation as determined by the reanalysis and as
inferred from OLR and ISCCP cloud properties. The
mean of the reanalysis and ISCCP product composites
have been adjusted for comparison (see figure caption).
A number of characteristics are common to the three
estimates. In the Pacific, all show elevated shortwave
flux during the period in which SST warms. An abrupt
transition from positive to negative shortwave anoma-
lies occurs near day O as SST begins to cool. Also,
positive solar anomalies return at approximately day 24,
an occurrence similar to that observed by Lau and Sui
(1997), who attributed subsidence in their analysis re-
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a) Composite Pacific Warm Pool Latent Flux
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Fic. 8. Composite evaporative flux over the small (a) Pacific and
(b) Indian Ocean warm pool domains. Climatological mean evapo-
ration at day O is aso given (dashed). Evolving composite SST (right
axis) is shown for reference (dotted).

gion to the dynamic influence of remote convection.
This possibility will be explored further in section 4.

In the Indian Ocean warm pool, a marked transition
from positive to negative solar anomalies near day 0 is
again apparent in all estimates. Peak to trough variability
is considerably larger in the Indian Ocean domain than
in the Pacific, and the ISCCP product shows the greatest
variability of the available estimates. Unlike the Pacific
domain, no return to above normal surface heating is
realized within 35 days after day 0 by any of the esti-
mates, raising the possibility that different large-scale
processes govern the Indian Ocean domain. This pos-
sibility will also be examined in section 4.

The time-integrated impact of flux anomalies on the
surface energy balance is now investigated to quantify
the relative roles of individual fluxesin surface thermal
forcing. Heating anomalies are calculated from the dif-
ference between daily mean fluxes and the long-term
mean for each flux (Figs. 9, 10). Rms daily flux error
is estimated from the difference between the estimates
and observations (section 2) and error is assumed sto-
chastic. Error in the heat integrations therefore varies
as 1/n°5, where n is the number of events in the com-
posite multiplied by the number of days integrated. Un-
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a) Composite Pacific Warm Pool Net SW Flux
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Fic. 9. Composite net shortwave flux over the (a) Pacific and (b)
Indian Ocean small domains as depicted by both OLR inferrals
(black), NCEP estimates (dashed gray), and |SCCP estimates (solid
gray). Biasin the mean of the various estimates s adjusted to coincide
with the mean OLR estimate. The adjustment for reanalysis estimates
is4 W m~2 and for ISCCP estimates is 3.5 W m~2. Composite mean
net shortwave fluxes at day O are given by the horizontal dashed line.
Evolving composite SST is also shown for reference (dotted).

certainty in the 35-day integrated energy associated with
reanalysis latent flux and OLR inferred solar flux anom-
alies are approximately 9.0 X 10° and 1.4 X 10 Jm2
in the Pacific and Indian Ocean composites, respective-
ly. Integrated energy anomalies associated with reanal-
ysis shortwave flux are 1.2 X 10® and 1.8 X 106 J m=2
in the Pacific and Indian Ocean composites, respective-
ly. The maximum likely error in the ISCCP shortwave
calculation estimated by Bishop et a. (1997) is 50 W
m-2 and, as a reduced number of samples is included
in the composite, rms error in the ISCCP product heat
integrations is somewhat greater than for the other flux
estimates at 1.1 X 10° and 2.0 X 10% J m~2 for the
Pacific and Indian Ocean basins, respectively.

Table 2 summarizes the integrated heating anomalies
of the small warm pool domains by flux term and SST
tendency. Figure 10 displays the time evolution of
anomalous heat accumulation due to each flux. In the
Pacific Ocean composite, the estimates show important
and nearly equal roles for evaporative and shortwave
anomaliesin both the warming and cooling of SST. Total
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a) Composite Pacific Ocean Heat Anomaly
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Fic. 10. Temporally integrated heat flux anomalies due to evapo-
ration (dark dashed), ISCCPinferred solar radiation (dark solid), OLR
inferred shortwave radiation (solid gray), and reanalysis solar radi-
ation (dashed gray). Integrations are carried out from day —35 to
day —1 and from day 1 to day 35, representative of the warming and
cooling phases of SST respectively. SST is also plotted for reference
(dotted).

thermal forcing due to evaporative and solar fluxes is
approximately an order of magnitude greater than for
sensible and longwave fluxes.

Evaporative and solar flux anomalies also dominate
the perturbation to the surface energy balance in the

TABLE 2. Total integrated flux anomalies during the 35-day warm-
ing and cooling phases of SST for both the Pacific and Indian Ocean
domains. All estimates are from the reanalysis except for shortwave
estimates from OLR and ISCCP as indicated. Units are 106 J m—2.
Magnitude of the composite SST warming and cooling phases are
also given next to the ocean basin designation.
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TABLE 3. Asin Table 2 except for medium-scale domain.

Medium-scale ocean domains

Pacific Ocean Indian Ocean
(0.40°C) (0.89°C)

Flux term Warming  Cooling Warming Cooling
Evap. 45 —6.6 28.4 37.9
SW (OLR) 11.4 -95 20.0 —-21.7
SW (ISCCP) 19.6 -95 355 -33.7
SW (NCEP) 6.4 —6.6 20.8 —22.0
Longwave -20 13 -3.0 35
Sensible 0.1 -0.6 0.6 -15

Indian Ocean. The Indian Ocean heat flux anomaliesin
the 35 days around day O are roughly twice as large as
those in the Pacific, though the overall SST tendency
is only about 20% greater. The discrepancy suggests
that Indian Ocean mixed layer characteristics such as
its depth and transfer of heat may differ from those in
the Pacific as found by Loschnigg and Webster (1997).
Nevertheless, the overall SST tendency is consistent
with the sign of the estimated surface thermal forcing
in both basins. In the Indian Ocean, considerable dis-
agreement exists among surface solar flux estimates,
with I SCCP showing nearly three times as much surface
thermal forcing as the reanalysis estimates. On average,
evaporation and solar flux perturbations share nearly
equal roles in total surface thermal forcing.

b. Spatial-scale dependence

Tables 3 and 4 summarize the integrated heat flux
anomalies for the medium- and large-scale domains, re-
spectively. The magnitude of SST variations is similar
across all domainsin the Pacific warm pool but increases
with domain size in the Indian Ocean. Evaporative and
shortwave flux anomalies dominate perturbations to the
surface energy balancein both basinsand over all scales,
as longwave and sensible integrated flux anomalies re-
main below 3 X 10 J m~2 in the Pacific domains and
7 X 108 IJm~2in the Indian Ocean domains. There exist
some distinctions between the domains, however. Over
the medium-scal e Pacific domains, therole of |atent heat
flux anomalies in the warming phase of SST is some-
what reduced from the small-scale domain, whilein the

TABLE 4. As in Table 2 except for large-scale domains.

Small-scale ocean domains

Large-scale ocean domains

Pacific Ocean Indian Ocean Pacific Ocean Indian Ocean
(0.49°C) (0.69°C) (0.47°C) (0.98°C)

Flux term Warming  Cooling Warming  Cooling Flux term Warming  Cooling Warming  Cooling
Evap. 11.8 -85 219 —-23.1 Evap. 9.3 —9.8 41.8 —46.8
SW (OLR) 7.8 -10.3 21.3 —23.6 SW (OLR) 12.2 -54 22.1 —27.8
SW (ISCCP) 13.0 —10.0 33.8 —-37.1 SW (ISCCP) 19.8 —-9.0 41.1 —46.7
SW (NCEP) 10.7 —-10.2 125 —14.2 SW (NCEP) 12.7 -11.4 27.4 —334
Longwave —2.2 1.3 -1.2 23 Longwave —2.8 12 —-51 6.8
Sensible 0.8 -0.9 -05 0.6 Sensible 0.2 -0.5 0.7 -15
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Fic. 11. The distribution of integrated heat flux anomalies asso-
ciated with evaporative anomalies during the warming (light) and
cooling (dark) phases of SST for individual episodes over the (a)
Pacific and (b) Indian Ocean domains.

medium- and large-scale Pacific domains, |SCCP esti-
mates show an increasingly important role for solar
anomalies in the warming phase of SST. An increased
role for solar anomalies in cooling the surface over the
medium- and large-scale Pacific domains is not appar-
ent, however. In the Indian Ocean, the role of evapo-
ration in both the warming and cooling phases of SST
increases with domain size while the magnitude of solar
flux variability is approximately independent of scale.
Over a wide variety of scales, therefore, evaporation
and solar radiation exert an important influence on warm
pool SST.

c. Variability between warm episodes

In diagnosing the feedback between the ocean and
atmosphere, Lau and Sui (1997) studied a single warm
episode during the TOGA COARE IOP It has been
demonstrated that this episode displays many charac-
teristics of the composite warm episodes studied here.
However, it is unclear to what extent variability in sur-
face flux anomalies exists between individual episodes
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a) Solar Flux Anomalies : Pacific Warm Pool
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Fic. 12. Asin Fig. 11 except for OLR-inferred solar flux anoma-
lies.

in the composite analysis. To complement the compos-
ites, therefore, the variability among episodes is ex-
amined.

Figure 11 displays the distribution of integrated latent
flux anomalies for all warm episodes. Unlike the com-
posite heat integrations, these calculations are based on
single occurrences and are therefore susceptible to a
greater degree of uncertainty. Latent flux error is esti-
mated at approximately 6 X 108 J m~2 given the 35
daily samples in each integration and the rms daily flux
error of section 2. Notwithstanding likely error, strong
variability in flux anomalies is apparent and at times
evaporative anomalies act counter to the observed SST
tendency. Warming and cooling distributions are more
distinct in the Indian Ocean domains than in the Pacific,
acharacteristic that may reflect the different associations
between episodes and the annual cycle (Fig. 6). In the
Pacific basin, episodes are driven predominantly by in-
traseasonal atmospheric variations, whereas in the In-
dian basin episodes are aso strongly influenced by a
strong and sustained seasonal cycle. The relevance of
these variations to maintenance of the warm pool will
be discussed further in section 3d.

Figure 12 shows the distribution of integrated solar
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flux anomalies among episodes. As for latent fluxes,
error in these integrationsis estimated at 6 X 106 Jm-2,
Significant variability between episodes exists and solar
anomalies act counter to the overall SST tendency in
instances. As with evaporative anomalies, solar fluxes
in the Indian Ocean act more consistently in agreement
with the overall SST tendency than in the Pacific, as
evidenced by a more clear distinction between warming
and cooling distributions in the Indian Ocean.

d. Timescale dependence

The Tropics are unique because maximum solar ir-
radiance is incident at the top of the atmosphere two
times per year and semiannual variability can therefore
exceed annual variability in places. Dynamical systems
in the proximity of the warm pool, such as the Asian
monsoon, also introduce a very pronounced annual har-
monic by modifying the circulations of the ocean and
atmosphere and the distribution of clouds. The initial
identification of warm episodes (Fig. 6) suggests that
the two harmonics exert disproportionate influences
over the warm pool basins. The Pacific domain SST
exhibits a noticeable semiannual cycle with frequent
spring and fall warm episodes while the Indian Ocean
basin is dominated by a strong annual cycle, which lim-
its the occurrence of episodes to boreal spring. Thus,
the local top-of-the-atmosphere solar flux does not alone
control the seasonal changes of SST. Instead, the large-
scale circulation, through its association with clouds and
wind-induced currents, mixing, and evaporation, exerts
a strong influence as well.

Boreal spring represents a period of marked transition
for the Indian Ocean basin because it is accompanied
by the onset of the south Asian monsoon. The monsoon
drives sustained winds, which in turn drive vigorous
currents in the Indian Ocean (Knox 1987). These cur-
rents and their associated transports of heat and mo-
mentum are responsible for the large annual cycle in
SST in the Indian Ocean (L oschnigg and Webster 1997).
Near the time of the initial monsoon onset, warm epi-
sodes are often observed, yet as the monsoon becomes
established, SST near the equator cools. Therefore, al-
though intraseasonal variations in surface heat flux as-
sociated with the established Asian monsoon are strong
and important, they experience only limited association
with changes in near-equatorial SSTs bounding 29.5°C.

In contrast, oceanic heat flux divergence in the west-
ern Pacific warm pool is small and is often set to zero
in numerical simulations of the ocean—atmosphere sys-
tem (e.g., Seager et al., 1995). The annual and semi-
annual variationsin SST are therefore largely forced by
surface heat flux variations. Changesin composite flux-
es during warm episodes are more rapid than in the
Indian Ocean basin and spectral analysis of OLR-in-
ferred solar anomalies display a pronounced spectral
peak near 50 days, a peak that has previously been ob-
served in both clouds and winds (see Madden and Julian
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1994 for areview). In the western Pacific, it is therefore
suggested that deep convection and low-level winds as-
sociated with intraseasonal disturbances such as west-
erly wind bursts account for a large degree of the at-
mosphere’'s cooling influence (Fasullo and Webster
1999). The above possibilities suggest that an exami-
nation of the large-scale circulation is appropriate.

4. Large-scale associations

Figure 13 shows the large-scale evolution of anom-
alous OLR about day O during three time periods as-
sociated with warm episodes in the small-scale warm
pool regions. The periods correspond to the warming
(days —15 to —5), peak (days —5 to 5), and cooling
(days 5 to 15) phases of warm pool warm episodes. The
features of these distributions are nearly identical to
those resolved in composites for the medium- and large-
scale warm episodes (not shown). It is remarked that
thesignal in OLR in Fig. 13 is substantially greater that
the noise induced by temporal undersampling of con-
vection, which is roughly 1.0 W m~2 for the Pacific
composite and twice that for the Indian composite.?

During the composite warming phase of Pacific SST
(Fig. 13a), deeper than normal convection exists over
the Indian Ocean while convectively inactive conditions
exist in the western Pacific. Convection evolves in a
manner similar to that associated with the intraseasonal
oscillation, moving eastward at approximately 5 m s-2.
At the peak of SST (Fig. 13b), deep convective and
subsident conditions bound the study area. Cooling of
the Pacific warm pool (Fig. 13c) coincides with local
deep convection over Indonesia, the far western Pacific
Ocean, and the South China Sea, while weak convection
prevails over the Indian Ocean. The association of warm
episodes in the Pacific with the intraseasonal oscillation
as interpreted by Lau and Sui (1997) is therefore con-
sistent with the extended data record.

The reorganization of convection associated with
composite SST fluctuationsin the Indian Ocean is some-
what different from that seen in the Pacific and is shown
in Figs. 13d-13f. During the warming phase of SST
(Fig. 13d), convection is strong over eastern Africaand
southwest Asia and weak over most of the equatorial
Indian and western Pacific Oceans. As SST in the study
area peaks (Fig. 13e), the study area is straddled by
deep convection to its west and reduced convection to
its east, with large-scale OLR anomalies greater than 10
W m-2. A complex redistribution of convection over

2Maximum likely error in OLR induced by temporal undersam-
pling of convection is approximately 30 W m-2. The error is sto-
chastic and therefore decreases as 1/n°. In the Pacific composite 10
days from each of the 48 episodes are included. In the Indian com-
posite 10 days from each of the 21 episodes are included, resulting
in a sampling error of 1.4 and 2.1 W m~2 for the Pacific and Indian
Ocean basins, respectively.
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Fic. 13. Composite OLR anomalies associated with the warming, peak, and cooling phase of SST in the Pacific [(a), (b), (c)] and Indian
[(d), (e), (f)] domains. Deeper than normal convection (dark shading, solid contours) corresponds to anomalies of —5 to —10 W m~2 and
shallow convection (light, dashed contours) corresponds to anomalies of +5 to +10 W m=2.

southern Asia is also apparent and is associated with
the monsoon onset as discussed by Webster et al. (1998).
SST cooling (Fig. 13f) is accompanied by strong con-
vection over the entire equatorial Indian Ocean, south-
eastern Asia, and Australia. Convectively inactive con-
ditions cover southwest Asia, off-equatorial Africa, and
the western Pacific Ocean. As early June corresponds
to the mean onset date of the Asian monsoon (Rao
1976), warm episodes in the Indian Ocean tend to pre-
cede the monsoon wet season by a few weeks. Precur-
sors of the monsoon onset, such asthe presence of strong
equatorial convection (Yasanuri 1979) and consequent
oceanic currents forced by the established monsoon, are
apparently responsible for cooling the equatorial warm
pool below itswarmest SSTs. The branched pattern seen
in Fig. 13f, where convection extends along the equator
in the western Indian Ocean and into the subtropics east
of 90°E, is similar to fundamental modes of intrasea-
sonal variability in convection shown by Wang and Rui
(1991) and active-break transitions of the Asian mon-
soon (Webster et al. 1998). Furthermore, Nicholls
(1989) notes that 40% of the rainfall variability during

winter over Australia can be explained by this pattern
and isrelated to an SST dipole between Indonesia and
the eastern Indian Ocean. Wang and Rui (1991) aso
demonstrate that similar convective variations are im-
portant characteristics of tropical intraseasonal vari-
ability throughout the year, and it is therefore incorrect
to view the pattern as a unique atmospheric signature
of SST in excess of 29.5°C.

The presence of coherent large-scale atmospheric
anomalies is relevant to the examination of previous
studies. A premise of Ramanathan and Collins (1991,
1992) is that nature of temporal variability can be in-
ferred from spatial variations. That is, spatial gradients
in SST, surface fluxes, and convection across the Pacific
Ocean display similar associations to temporal vari-
ability over a fixed location. There is little evidence to
support the supposition that spatial variationsin clouds
and SST are indicative of temporal feedbacks, however.
It is known that gradients in SST and convection across
the Pacific are important characteristics of the Walker
circulation, a dynamical feature influenced by lateral
heating gradients across the Pacific and Indian Oceans.
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Ascent over the warm pool is therefore not only influ-
enced by local heating, but by the strength of such gra-
dients, which can potentially change independently of
fluctuations in warm pool SST. A unique correspon-
dence between the surface and local cloud radiative
forcing and evaporation therefore cannot exist. Aside
from daily excursions associated with the diurnal cycle,
the warm pool attains its warmest SST on intraseasonal
timescales and is strongly influenced by variations in
wind and convection, which propagate in space. The
warm pool cannot therefore be viewed as a closed sys-
tem. That is, attempts to characterize the tendency of
convection based solely on the underlying SST are in-
correct and analysis attempts to characterize changesin
surface temperature via exact differentials in surface
fluxes are therefore poorly posed.

5. Conclusions

The SST of the western Pacific Ocean warm pool
experiences some semiannual tendency but warm epi-
sodes (>29.5°C) can occur throughout the year. The
Indian Ocean is characterized by a greater annual cycle
than in the western Pacific Ocean and temperatures
greater than 29.5°C are only realized during boreal
spring. Variations in surface fluxes suggest an important
role for intraseasonal variations in clouds and wind in
modifying SST, and evaporative and solar fluxes are
together the dominant modifiers of the surface energy
balance. Also, the warm episode studied by Lau and
Sui (1997) appears largely representative of warm ep-
isodes in general as assessed over a variety of spatial
scales.

Finally, the strong correlation between SST variations
and large-scale convective anomalies suggest that SST
cannot be understood in terms of local interactions be-
tween thermodynamics, convection, and radiation. In-
stead, outbreaks of convection are associated with
changes in dynamical systems such as the intraseasonal
oscillation and the Asian monsoon. Those studies that
suggest a local correspondence between SST and evap-
oration or shortwave cloud forcing are therefore incom-
plete. An understanding of the interaction between
large-scale dynamic systems and the surface is prereg-
uisite to understanding the maintenance of the warm
pool.
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