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ABSTRACT

The influences of El Nifio—Southern Oscillation (ENSO) events on air—sea interaction in the Indian—western
Pacific (IWP) Oceans have been investigated using a general circulation model. Observed monthly sea surface
temperature (SST) variations in the deep tropical eastern/central Pacific (DTEP) have been inserted in the lower
boundary of this model through the 1950-99 period. At all maritime grid points outside of DTER the model
atmosphere has been coupled with an oceanic mixed layer model with variable depth. Altogether 16 independent
model runs have been conducted.

Composite analysis of selected ENSO episodes illustrates that the prescribed SST anomalies in DTEP affect
the surface atmospheric circulation and precipitation patternsin IWP through displacements of the near-equatorial
Walker circulation and generation of Rossby wave modes in the subtropics. Such atmospheric responses modulate
the surface fluxes as well as the oceanic mixed layer depth, and thereby establish a well-defined SST anomaly
pattern in the IWP sector several months after the peak in ENSO forcing in DTER In most parts of the IWP
region, the net SST tendency induced by atmospheric changes has the same polarity as the local composite SST
anomaly, thus indicating that the atmospheric forcing acts to reinforce the underlying SST signal.

By analyzing the output from a suite of auxiliary experiments, it is demonstrated that the SST perturbations
in IWP (which are primarily generated by ENSO-related atmospheric changes) can, in turn, exert notable
influences on the atmospheric conditions over that region. This feedback mechanism also plays an important
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role in the eastward migration of the subtropical anticyclones over the western Pacific in both hemispheres.

1. Introduction

The widespread influences of the El Nifio—Southern
Oscillation (ENSO) phenomenon on the global climate
system have been documented in numerous observa-
tional studies. ENSO-related variations over the Indo-
Pacific basin and the surrounding land areas are of par-
ticular interest, since both the largest population centers
and the most energetic monsoon circulation systems of
the world are located in that region. It has been dem-
onstrated that ENSO occurrences are correlated with the
intensity of the monsoons over India (e.g., Rasmusson
and Carpenter 1983; Mooley and Parthasarathy 1983),
east Asia (Zhang et al. 1996), and Australia (McBride
and Nicholls 1983). Statistical analyses of historical sea
surface temperature (SST) records by many investiga-
tors (e.g., Pan and Oort 1983, 1990; Kiladis and Diaz
1989; Nitta and Yamada 1989; Hastenrath et al. 1993;
Kawamura 1994; Tourre and White 1995; Lanzante
1996; Nicholson 1997; Harrison and Larkin 1998; Klein
et al. 1999; Enfield and Mestas-Nufiez 1999; Larkin and
Harrison 2001) have indicated that the surface condi-
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tions of the Indian and western Pacific Oceans (hereafter
referred to as IWP) are also related to ENSO events.
Some of these studies reported that the strongest SST
anomalies in IWP typically appear several months after
the mature phase of the ENSO signal in the central
equatorial Pacific.

One possible interpretation of the observational re-
sults cited above is that the rainfall and atmospheric
circulation anomalies in the IWP region are primarily
remote responses to ENSO forcing in the central and
eastern tropical Pacific. These atmospheric perturba-
tions, in turn, influence the underlying ocean through
modulation of the surface heat and radiative fluxes,
thereby generating SST anomalies in IWR This chain
of processes, hence, play the role of a *‘tropical atmo-
spheric bridge’” linking the SST changes in the eastern
equatorial Pacific with those in IWP (Klein et a. 1999;
Alexander et al. 2002).

A different mechanism linking variability in the In-
dian and Pacific Oceans has been proposed by Barnett
(1985) and Yasunari (1985, 1987), who provided evi-
dence of a global-scale atmospheric signal traveling
eastward from Eurasia and the Indian Ocean toward the
equatorial Pacific. Theanalysis performed by Tourreand
White (1995) also reveals the presence of eastward-
propagating SST anomalies in the Indian Ocean basin.

The prevalence of anomalous SST and sea surface
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height patterns with marked east—west contrasts in the
tropical Indian Ocean basin has been noted in the ob-
servational studies of Webster et al. (1999), S&ji et al.
(1999), and Rao et al. (2002), among others. These au-
thors proposed that such characteristic patterns and the
accompanying wind and rainfall anomalies are essen-
tially an expression of internal coupled atmosphere—
ocean dynamics, which could be independent from
ENSO. However, other studies (e.g., Xie et al. 2002)
suggest that conditions of the South Indian Ocean are
affected by both ENSO variations and thermocline pro-
cesses within that ocean. The relative importance of
remote forcing from the Pacific sector and local air—sea
interaction in the variability of the Indian Ocean climate
system is still being debated within the research com-
munity (e.g., Allan et al. 2001; Hastenrath 2002; Ba-
guero-Bernal et al. 2002).

The findings reported by Wang et al. (2000), Chang
et a. (2000), and Lau and Wu (2001) indicate that the
subtropical western North Pacific is another site of ac-
tive two-way coupling between SST and atmospheric
anomalies. It has been shown in these observational
studies that the intensity of the low-level anticyclonein
that region is correlated with the ENSO signal in the
deep Tropics. This anticyclonic anomaly exerts a strong
influence on the SST conditions in the South China and
Philippine Seas. The ensuing SST changes, in turn, feed
back on the overlying atmospheric circulation, and thus
affect the evolution of the subtropical high pressure cen-
ter.

Different hypotheses on the mechanisms contributing
to the relationships between ENSO and atmosphere—
ocean variability in the IWP region have been tested
using general circulation models (GCMs). Many ex-
periments have been conducted to simulate the respons-
es of the Asian—Australian monsoon system to pre-
scribed tropical Pacific SST anomalies in atmospheric
GCMs (e.g., see Lau and Nath 2000, hereafter LNOO,
for a survey of earlier model studies using this ap-
proach). Various facets of the atmospheric bridge mech-
anism have been investigated by allowing the atmo-
spheric response thus generated to interact with simple
models of the surface oceans at selected sites outside
the tropical Pacific. The oceanic processes that contrib-
ute to variability in the IWP region have also been ex-
amined by subjecting ocean models of varying degrees
of complexity to temporally evolving heat fluxes and
wind stresses at the air—sea interface (e.g., Murtugudde
and Busalacchi 1999; Behera et al. 2000; Kawamura et
al. 2001a,b).

The results in LNOO illustrate that the GCM devel-
oped at the Geophysical Fluid Dynamics Laboratory is
capable of simulating the broadscal e climatological fea-
tures in the IWP region, as well as reproducing many
of the observed relationships between ENSO occur-
rences and monsoon variations in India, east Asia, and
Australia. It is also shown in LNOO that local coupling
of these monsoon anomalies with an oceanic mixed lay-
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er model could lead to interesting air—sea feedbacks.
The purpose of the present study is to extend the work
initiated in LNOO, by providing a fuller account of the
spatiotemporal development of the atmosphere—ocean
system in the IWP region in various phases of the ENSO
cycle. We examine in greater detail the contribution of
surface flux anomalies associated with the atmospheric
bridge mechanism to the formation of SST anomalies
in different sites within IWR, as well as the nature of
the interactions among these oceanic changes and the
local atmospheric environment. Special attention is de-
voted to the lead—lag relationships between different
components of the coupled system, and the seasonal
dependence of various signals of interest. We attempt
to meet these goals by using a new suite of experiments
with more appropriate designs and larger ensemble sizes
than those analyzed in LNOO. Results pertaining to
ENSO influences on the entire IWP region are presented
in the current paper. Findings that focus on the modu-
lation of the east Asian monsoon by ENSO are reported
in aseparate article (Lau et a. 2003, hereafter LNWO03).

Details of the new experiments are given in section
2. Model and observational results on the covariability
of SST fields in the Indo-Pacific basin and the tropical
eastern Pacific are displayed in section 3. The typical
evolution of atmospheric and SST anomaliesin the WP
region through different phases of the ENSO cycle is
examined in section 4. The implications of the atmo-
spheric changes on the local surface fluxes and mixed
layer depth, aswell as the relative contributions of these
processes to the local SST tendency, are evaluated in
section 5. The local feedbacks between ENSO-induced
atmospheric and oceanic changes are further diagnosed
in section 6. The findings are summarized and discussed
in section 7.

2. Description of model experiments

The experiments analyzed in the present study are
based on the same atmospheric GCM as described in
LNOO. Horizontal variations are represented in thisglob-
al model using a spectral formulation, with rhomboidal
truncation at 30 wavenumbers. Vertical variations are
depicted at 14 levelsin sigma coordinate. The numerics
and physics of this model have mostly been documented
in Gordon and Stern (1982) and Broccoli and Manabe
(1992). In the present version of the model, the amount
of cloud cover is predicted using the scheme described
in Wetherald and Manabe (1988). Essential character-
istics of the model climatology for the IWP and east
Asian regions are described in LNOO and LNWO3, re-
spectively.

Two SST scenarios have been incorporated in the
GCM integrations for this study. In both scenarios, SST
observations for each month within the 50-yr period
from 1950 to 1999, as analyzed using the method out-
lined in Smith et al. (1996), were fed sequentially to
the domain situated between 15°S and 15°N, and from
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172°E to the South American coast. We shall henceforth
refer to thisregion of SST prescription as the deep trop-
ical eastern/central Pacific (DTEP). The SST conditions
outside of DTEP are determined differently in the two
scenarios, as follows.

a. The mixed layer model (MLM) experiment

The SST changes at all ice-free maritime grid points
beyond the DTEP region have been predicted by cou-
pling the atmospheric GCM to an ocean mixed layer
model at those locations. The design of the 31-layer
mixed layer model follows that of Gaspar (1988). The
incorporation of this mixed layer model in the frame-
work of the atmospheric GCM has been described by
Alexander et al. (2000). Based on the energy fluxes,
precipitation, and wind stress at each grid point, this
model evaluates the local variations in temperature, sa-
linity, and thickness of the mixed layer. No interaction
exists between the mixed layer model at neighboring
grid points. The flux correction algorithm devised by
Manabe et al. (1991) has been implemented, so that the
mixed layer model yields a realistic SST climatology.
The 50-yr integrations have been repeated 16 times,
using distinct initial atmospheric conditions for each
member of the ensemble.

b. The control (CTRL) experiment

For every year in the 1950-99 period, the seasonal
SST climatology has been imposed at all grid points
outside of DTEPR The SST climatology used in this pre-
scription procedure is based on averages of the output
from the MLM runs. Application of the MLM clima-
tology to the CTRL runs guarantees that the averaged
SST conditions in both experiments are exactly the
same, thereby removing the possibility that differences
between the two experiments are due to differencesin
the mean SST forcing outside of DTEP. By virtue of
the flux adjustment procedure, the SST climatology of
the MLM experiment is very close to its observational
counterpart. An ensemble of eight independent integra-
tions has been completed using this design.

The experimental setup for the MLM and CTRL runs
bears some correspondence to that of the analogous ex-
periments examined in LNOO. The most noteworthy dis-
tinctions between the model runsin LNOO and the new
experiments are the following:

» Both the longitudinal and latitudinal extents of the
region of variable SST prescription in the runs de-
scribed in LNOO (i.e., entire length of tropical Pacific
and 25°S-25°N) are relatively broader. Confinement
of this forcing region to grid points east of 172°E in
the new experiment allows for the incorporation of
air—sea coupling over the tropical western Pacific.

* The single-slab mixed layer with a constant 50-m
depth in the LNOO study has been replaced by a mul-
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TaBLE 1. Temporal correlation between the expansion coefficients
of the left and right fields (r), and fraction of spatially integrated
variance (vf) of the left field explained by time series for the right
field, for various lags of the left field relative to the right field. All
r and vf statistics (expressed in %) are based on the leading SVD
mode for the MLM data.

Time lag (months)

0 1 2 3 4 5
r 79 85 88 90 90 89
vf 20 24 27 29 29 28

tilayer model that explicitly computes variations of
the mixed layer thickness. Hence, the new model of-
fers a more realistic representation of the seasonal
evolution and interannual variability of the thermal
capacity of the surface ocean.

» The number of independent samplesfor the MLM and
CTRL experiments (16 and 8, respectively) is con-
siderably larger than that examined in LNOO (4 each).

In addition to the MLM and CTRL runs, severa sup-
plementary experiments have been performed by sub-
jecting the same GCM to temporally fixed SST forcing
in the IWP region. The design of the latter integrations
and the results derived therefrom are described in sec-
tion 6b.

3. Covariability of SST in the DTEP and IWP
regions

The spatial and temporal characteristics of the Indo-
Pacific SST variations that are related to ENSO forcing
in the tropical eastern/central Pacific have been exam-
ined using a singular value decomposition (SVD) tech-
nique. A detailed description of this analysis tool and
the pertinent terminology have been given by Bretherton
et a. (1992). In the present application, the left field
corresponds to the SST pattern in the Indian and western
Pacific sector (40°S-40°N, 30°-172°E), whereas the
right field is taken to be the SST data in the DTEP
region. Theinput data consist of monthly SST anomalies
for all seasons in the 1950-99 period. The SVD pro-
cedure was applied both to the 16-run ensemble mean
of the MLM experiment, and to observations. Separate
SVD analyses have been performed with the left field
lagging the right field by various time periods, ranging
in monthly intervals from zero to five months. Some
selected statistics for the leading SVD mode of the
MLM data are shown in Table 1. These results indicate
that, when the left field lags by 3-4 months, the cor-
relation between the expansion coefficients of the left
and right fields (r) attains the highest values, and the
time seriesfor theright field explainsthelargest fraction
of spatially integrated variance (vf) of theleft field. The
corresponding values of r and vf based on observational
data (not shown) are also largest at temporal lags of 1—
3 and 3—-4 months, respectively. The heterogeneous re-
gression patterns for the leading SVD mode, which
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FiG. 1. Heterogeneous regression patterns associated with the leading SVD mode for the SST variations (a), (c) in
the IWP (left field) and (b), (d) in the DTEP (right field), as determined on the basis of data for (a), (b) the MLM
experiment and (c), (d) observations, and with the left field lagging the right field by four months. Panels (a) and (c)
are constructed by regressing SST data at individual grid pointsin IWP against the time series of standardized expansion
coefficients of the right field. Panels (b) and (d) are obtained by regressing SST data in DTEP against the expansion
coefficients of the left field. The squared covariance fraction (SCF) explained by the SVD mode and temporal correlation
coefficient (r) between the expansion coefficients for the left and right fields are indicated above (b), (d).

show the spatial distributions of the temporal regression
coefficients for gridpoint values of the left (right) field
versus the standardized expansion time series of the
right (left) field, are displayed in Fig. 1 for the MLM
experiment (Figs. 1a,b) and observations (Figs. 1c,d).
These results are based on the SVD analysis with the
left field lagging the right field by four months.

The leading SVD spatial patterns for the MLM ex-
periment illustrate that the zonally elongated SST anom-
aly near the equator in the DTEP region (Fig. 1b) is
typically followed several months later by the occur-
rence of SST variations of the same polarity in the sub-
tropical northern and southern Indian Ocean, South Chi-
na Sea, and the waters off the southeastern Australian
coast, as well as by SST changes of the opposite sign
to the east of the Philippines and along a zone extending
southeastward from New Guinea (Fig. 1a). Many of the
above relationships between the prescribed forcing in
DTEP and the model response in IWP are supported by

the corresponding observations (Figs. 1c,d). However,
there exist considerable differences between the model
and observational resultsin the equatorial Indian Ocean,
where the amplitude of the observed SST anomalies
(Fig. 1c) is higher than that in the simulated pattern
(Fig. 1a).

Those ENSO events with strong SST signatures in
both the DTEP and IWP domains have been identified
by inspection of the 50-yr time series of the expansion
coefficients for the left and right fields associated with
the leading SVD mode of the MLM experiment (not
shown). Outstanding episodes have been chosen with
the criteria that the amplitudes of the temporal coeffi-
cients for both the left and right fields exceed 1.5 stan-
dard deviations, and that the maximum amplitudes occur
in the northern winter or spring. This selection process
yielded the five warm events starting in 1957, 1972,
1982, 1991, and 1997, and the five cold events starting
in 1955, 1970, 1973, 1975, and 1988. We shall, hence-
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FiG. 2. (a) Time series of the standardized expansion coefficients of the leading SVD mode during the Jul(0)—Oct(1)
period of each selected warm and cold ENSO event. (b) Time series of the warm minus cold composite of the expansion
coefficients for the left and right fields during years (0) and (1) of the composite episode. All data are based on output
from the MLM experiment. The temporal relationships between the left coefficients (blue columns) and right coef-
ficients (red columns) are highlighted by displaying them in juxtaposition in each month. The pink and blue shading
in (b) indicate the ONDJ(0/1) and FMAM(1) periods, respectively.

forth, refer to these years as year(0), and the following
years as year(1). Specific time periods in the ENSO
cycle will be denoted using a three-letter abbreviation
of the month, followed by the year indicator in paren-
theses [e.g., Jan(1) represents the January of year(1)].
The above list of prominent ENSO events is in broad
agreement with those compiled by Trenberth (1997) and
Wang et al. (2000).

The monthly variations of the standardized expansion
coefficients for the leading mode of the MLM experi-
ment within the Jul(0)-Oct(1) period for each of the
selected ENSO events are displayed in Fig. 2a. Time
series for the right and left fields are depicted with red
and blue columns, respectively. Thisfigure shows clear-
ly the 3—4-month lag between the amplitude extrema of

the left and right fields during most of the outstanding
warm and cold events, with the ENSO forcing in the
DTEP region being strongest in the northern winter of
year(0/1), followed by peaking of the SST signal in WP
in the spring of year(1). Inspection of the SVD expan-
sion coefficients based on observational SST data (not
shown) reveals that, in a majority of the selected warm
and cold events, the observed | eft and right fields exhibit
lag relationships and seasonal dependencesthat are sim-
ilar to those illustrated in Fig. 2a.

Thetemporal characteristics of theleft and right fields
are further illustrated using a composite approach. For
each month within the Jan(0)-Dec(1) period and for the
left and right fields separately, a‘* warm composite’” was
obtained by averaging over the expansion coefficients
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Fic. 3. Distributions of the warm minus cold composites of the (a), (b) surface wind vector (arrows, see scale at
bottom right) and surface wind speed (shading); (c), (d) precipitation (shading) and sea level pressure (contours,
interval between solid isolines: 1 mb); and (e), (f) SST (shading). Results for the ONDJ(0/1) and FMAM(1) periods
are presented in (a), (c), (e) and (b), (d), (f), respectively. All data are based on output from the MLM experiment.
The labels Hy, Hg;, and Hg, in (c), (d) indicate the positions of the anomalous subtropical high pressure centers. In
this and following figures, the color scale used for defining the shading in a given panel is shown below that panel.

30E  60E

for the five individual warm events. Similarly, a‘‘cold
composite’” was computed by averaging over the five
cold events. Figure 2b shows the temporal variation of
the difference between the warm and cold composites
(hereafter referred to as the ““warm minus cold com-
posite’”). This result confirms the impressions gained
from examining the development of individual events
in Fig. 2a. The composite time series also provides jus-
tification for defining the peak phase of the prescribed
forcing in DTEP (right field) asthe 4-month period from
Oct(0) to Jan(1) [hereafter abbreviated as ONDJ(0/1),
indicated by pink shading in Fig. 2b], and the peak phase
of the SST pattern in IWP (left field) as the Feb(1)—
May(1) period [FMAM(1), light blue shading]. We

shall, henceforth, devote our attention to the variations
of the coupled system during these two periods.

4. Atmospheric and oceanic changes during peak
phases of SST development

The typical characteristics of the simulated atmo-
sphere—ocean system when the SST anomaliesin DTEP
and IWP attain maximum amplitudes are depicted in
Fig. 3, which shows the warm minus cold composites
of (Figs. 3a,b) near-surface wind vector (arrows) and
wind speed (shading), (Figs. 3c,d) precipitation (shad-
ing) and sea level pressure (contours), and (Figs. 3e,f)
SST. Datafor the ONDJ(0/1) and FMAM (1) periods are
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Fic. 4. Asin Fig. 3, except for (a)—(d) observational estimates of wind, precipitation, and sea level pressure based
on NCEP reanalysis data, and for (e), (f) observed SST data.

plotted in Figs. 3a,c,e and Figs. 3b,d,f, respectively. All
results presented in this figure have been obtained using
the 16-run ensemble mean of the MLM experiment. The
corresponding patterns based on observational estimates
provided by the reanalysis and SST products of the Na-
tional Centersfor Environmental Prediction (NCEP) are
displayed in Fig. 4. The composite approach adopted
here serves to highlight the linear aspects of the at-
mosphere—ocean responses in IWP to ENSO forcing;
that is, Figs. 3—4 portray the linear component of such
responses in warm episodes, whereas the corresponding
signals in cold episodes would have the opposite po-
larity. Inspection of the observational and model results
for individual warm and cold events does indicate the
presence of a linear component in the ENSO-related
variations of precipitation (see Figs. 4-5 in LNOO and
Fig. 4 in LNWO03), zonal wind (Fig. 9 in LNOO), and

sea level pressure (Fig. 4 in LNWO03) at selected sites
in the IWP

It should be stressed that the observed atmospheric
and SST anomalies also exhibit significant nonlineari-
ties with respect to the polarity of ENSO. Hoerling et
al. (1997) haveidentified considerable differencesin the
response patterns of tropical precipitation and midlati-
tude wave trains in warm and cold events. Asymmetries
between the life cycles of atmosphere—ocean phenom-
ena during warm and cold episodes have been docu-
mented in detail by Larkin and Harrison (2002). Slingo
and Annamalai (2000) further suggested that the mon-
soon system might reside in distinct circulation regimes
depending on the intensity of ENSO events. It is not
possible to analyze these nonlinearities using the warm
minus cold composite charts presented here. Alternative
approaches need to be taken to evaluate the model per-
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formance in reproducing the nonlinear responses to
ENSO.

a. ONDJ(0/1) period

The simulated atmospheric pattern in the IWP region
during the ONDJ(0/1) period of warm events is domi-
nated by a pair of high surface pressure anomalies strad-
dling the equator (Fig. 3c). The northern center (labeled
as H,) is located over the South China Sea and Phil-
ippine Sea, and the southern center is most discernible
over the eastern Indian Ocean (Hg,) and off the north-
eastern coasts of Australia (H,). These features cor-
respond closely with the anticyclonic centers identified
in Fig. 7d of LNOO, and have been attributed to Rossby
wave responses to reduced diabatic heating over the
equatorial western Pacificin warm ENSO episodes. This
interpretation has been substantiated by the results pre-
sented by LNWO3 (seetheir Fig. 7). These authors dem-
onstrated that a stationary wave model subjected to
anomalous cooling over the tropical western Pacific
yields aresponse that is similar to the sealevel pressure
pattern in Fig. 3c. The wind pattern in Fig. 3aindicates
that Hy, is accompanied by a distinct clockwise circu-
lation over Southeast Asia and the subtropical western
Pacific; whereas counterclockwise flows related to Hg,
and Hg, are discernible over the subtropical southern
Indian Ocean and off the eastern Australian seaboard.
Also apparent in Fig. 3ais the divergence of near-equa-
torial zonal wind anomalies from the Indonesian Ar-
chipelago, with prevalent easterlies over the Indian
Ocean, and westerlies over the western Pacific. The
anomalous flow just north of the equator over the Indian
Ocean is mostly directed northward.

The distribution of the changesin surface wind speed
(shading in Fig. 3a), which is an important factor for
determining heat exchange across the air—sea interface,
may be comprehended by comparing the anomalous
wind vectors with the climatological flow pattern. Since
the mean circulation over the subtropical southern In-
dian Ocean and off the northeastern Australian coast is
oriented from southeast to northwest (e.g., see Fig. 2c
of LNOO), the southeasterly anomalies on the northern
flank of Hg, and Hg, would enhance the local wind
speeds. On the other hand, reduced wind speeds are seen
to the south of these anticyclones. Analogously, the
anomalous southwesterlies to the north of H, as well
as the anomalous southerlies over the northern Indian
Ocean are directed against the climatological winter
monsoon.

The anomalous precipitation pattern over the equa-
torial Pacific (see shading in Fig. 3c) is characterized
by enhanced rainfall near the date line and suppressed
precipitation within the 120°—150°E zone. These chang-
es are associated with the eastward displacement of the
Walker circulation during warm events. Another note-
worthy feature in the deep Tropicsisthe positiverainfall
anomaly extending from Sri Lanka to western Indo-
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nesia, which is collocated with a convergence zone be-
tween northeasterly anomalies over the southern portion
of the South China Sea and the southeasterly anomalies
over the eastern equatorial Indian Ocean (Fig. 3a). Dry-
ness prevails in the vicinity of the anomalous anticy-
clones H,, and Hg,. Weakening of the dry climatol ogical
winter monsoon along the east Asian seaboard |eads to
above-normal rainfall over southern China

The SST pattern in Fig. 3e indicates that the mixed
layer model generates positive anomalies in the South
and East China Seas, the equatorial Pacific just to the
west of the region of SST prescription, the waters off
the southeastern Australian coast, the 15°-30°S zone in
the Indian Ocean, as well as portions of the Bay of
Bengal and Arabian Sea. A prominent cold anomaly is
simulated along a belt extending southeastward from
New Guineato the southwestern Pacific. Theassociation
of this SST feature with the overlying anomalous sur-
face anticyclone (Hg,) has previously been noted by Luo
and Yamagata (2001). The temperature of the waters to
the east of the Philippines and in the eastern equatorial
Indian Ocean is also weakly below normal. Many of the
SST anomalies in the Indian Ocean and subtropical
southwestern Pacific are discernible in the composite
patterns for the northern summer of year(0) (not shown).
The emergence of these SST signals several months
prior to ONDJ(0/1) is associated with the establishment
of the anticyclones Hg, and Hg,, and the weakening of
the South Asian monsoon during the Jun(0)—Sep(0) pe-
riod (see LNOO). Comparison between the patterns of
SST (Fig. 3e) and wind speed (shading in Fig. 3a) re-
veals a generally negative spatial relationship between
these two fields, with warmer SST occurring where the
wind speed is lower than normal, and vice versa. The
role of wind speed in modifying the local SST condi-
tions will be examined further in section 5.

b. FMAM(1) period

In the Indian Ocean sector, the composite patternsfor
the FMAM(1) period (Figs. 3b,d,f) are characterized by
considerable weakening of the pressure and wind anom-
alies as compared to the ONDJ(0/1) period. However,
the magnitude of the Indian Ocean SST anomalies in
FMAM(1) is comparable to, and in some instanceslarg-
er than, that in the previous period. Over the western
Pacific, the subtropical high pressure centers H, and
H,, as well as the attendant surface wind and precip-
itation anomalies, are seen to maintain their individual
identities and to migrate eastward with time. For in-
stance, the movement of the center Hy, from the Phil-
ippines to about 150°E during the two periods is ac-
companied by a northeastward extension of the en-
hanced rainbelt over southern Chinatoward Japan (Fig.
3d). Thelatter finding is suggestive of theintensification
of the springtime mei-yu—baiu front over east China
during year(1) of warm ENSO events. The SST anom-
alies east of Australia persist through the two periods
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considered here (Figs. 3e,f); whereas the corresponding
signals off the east Asian coast exhibit a tendency to
travel eastward. The inverse relationship between SST
and wind speed anomalies, as noted previously, is also
discernible in the western Pacific during the FMAM(1)
period.

¢. Comparison between model and observations

Many of the above-mentioned model featuresin both
the ONDJ(0/1) and FMAM(1) periods are identifiable
in the corresponding patterns based on NCEP obser-
vational products (Fig. 4). Particularly noteworthy are
the wind and precipitation anomalies organized about
the pair of anticyclones on both sides of the equator,
the tendency for some of these signals to spread east-
ward with time, and the attenuation of the sea level
pressure anomalies over the Indian Ocean basin from
ONDJ(0/1) to FMAM(1). With the exception of the
equatorial Indian Ocean, the observational composites
support the model inferences on the negative spatial
correlation between SST and wind speed changes. The
model patterns for surface wind and sea level pressure
anomalies in ONDJ(0/1) also bear considerable resem-
blance to the regression charts presented by Zhang et
al. (1997, their Fig. 12) based on an ENSO SST index
with interannual timescales.

During the ONDJ(0/1) period, the high pressure cen-
ter H,, in the model atmosphere is seen to be shifted to
the west of its observed position. The composite patterns
based on NCEP reanalyses (Figs. 4a,c) indicate the pres-
ence of intense anticyclonic flows in the vicinity of a
prominent high pressure anomaly centered at 30°N,
160°E; whereas the model results (Figs. 3a,c) show little
evidence of these features. The near-equatorial maritime
sites between 120° and 160°E are characterized by cold
SST anomalies in the observations (Fig. 4€), whereas
above-normal SSTs are simulated at the same sites (Fig.
3e).

There are also discrepancies between the observed
and modeled wind, precipitation, and SST fields over
the Indian Ocean. Of particular note is the prevalence
of much stronger observed easterly anomalies along the
equatorial belt in that basin during ONDJ(0/1) (Figs. 3a
and 44). The more marked reduction in the observed
wind speed in the region between 5°S-10°N and 60°—
100°E (Fig. 4a) would result in weakening of thevertical
mixing with colder subsurface waters (Venzke et al.
2000). This effect could contribute to the much warmer
SST conditions observed in the equatorial Indian Ocean
as compared to the model simulation (Figs. 3ef and
4e/f).

5. Impact of atmospheric variations on air—sea
heat exchanges, mixed layer depth, and SST
tendency

We now turn our attention to the effects of the at-
mospheric anomalies discussed in the previous section
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on the heat fluxes Q at the local air—sea interface and
on the thickness of the underlying ocean mixed layer
H. We shall also examine how the changesin Q and H
affect thelocal SST field. At agiven site, the anomalous
time tendency of SST due to fluctuations in Q and H
may be expressed as

Iosr — 2 (Q) _ Q)
R

where k = (pC,)~* is assumed to be constant, p and
C, are the density and specific heat of ocean water,
respectively, and the prime denotes departure from the
climatological average. The above expression may be
rewritten as

3 Q (1Y
—SST’' = k= + kQ|— 2

atSST H Q(H) ' @
with the two terms on the rhs representing the contri-
butions of anomalies of Q and H to SST changes, re-
spectively. The total surface flux Q can be further de-
composed as

Q= Qsw + Quw T Qun + Qgs (3)

where Qg,, represents the shortwave radiation, Q,,, the
longwave radiation, Q,,, the latent heat flux, and Qg,
the sensible heat flux. The sign convention for flux quan-
titiesis such that a positive value would result in warm-
ing of the ocean mixed layer, and vice versa. In com-
puting Qg the shortwave flux penetrating through the
base of the ocean mixed layer has been subtracted from
theincident flux at the ocean surface. In Fig. 5 are shown
the distributions of the warm minus cold composites of
the SST tendency due to variations in (Figs. 5a,b) ra-
diative fluxes k(Q%, + Q/w)/H, (Figs. 5c,d) heat fluxes
k(Q/n + Q4)/H, and (Figs. 5e,f) mixed layer thickness
kQ(L/H)'. Patterns for the ONDJ(0/1) and FMAM(1)
periods are displayed in Figs. 5a,c,e and 5b,d,f, respec-
tively.

a. Surface fluxes

The separate roles of shortwave and longwave fluxes
in the SST tendency have been evaluated by examining
the individual charts of kQg/H and kQ/,/H (not
shown). These results indicate that the longwave effects
tend to oppose the shortwave effects, but that the mag-
nitude of the shortwave fluxes is comparatively larger.
Hence the pattern for the net radiative contribution to
the SST tendency (Figs. 5a,b) is qualitatively similar to
that of kQg,/H, but with reduced amplitudes. The anal-
ysis of the surface flux variations in the IWP region by
Klein et al. (1999) using satellite data indicates that the
anomalous absorbed shortwave radiation is primarily
determined by changes in the local cloud cover. The
cloud cover isin turn related to the precipitation field.
Comparison between the patterns for radiative effects
in Figs. 5a,b and those for precipitation (Figs. 3c,d)
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indicates that the above relationships are simulated in
the model. For instance, increased radiative heating of
the ocean surface is seen to occur at the dry zones
associated with the anomal ous subtropical anticyclones
in both hemispheres; whereas reduced heating prevails
along the enhanced rainbelts in the Indian Ocean just
north of the equator. Some similarities exist between the
patterns in Figs. 5a,b and the observed distribution of
ENSO-related anomalies of incoming solar radiation, as
documented by Klein et al. (1999, their Fig. 3c).
Inspection of the composite charts for the individual
terms kQ/ ,,/H and kQg.,/H (not shown) indicates that the
latent heat flux component makes the dominant contri-
bution to thetropical featuresin Figs. 5¢,d. Theintensity
and polarity of Q/,, are related to the local wind speed

and humidity by the bulk aerodynamic law: strong
winds and dry conditions would result in enhanced loss
of latent heat to the atmosphere and oceanic cooling,
and vice versa. The composite charts for heat flux (Figs.
5c¢,d) and those for wind speed and rainfall (shading in
Figs. 3a—d) are in support of this interpretation. In par-
ticular, cooling tendencies dueto latent and sensible heat
fluxes prevail on the equatorial flanks of the subtropical
high centers Hy,, Hg,, and H, where the wind speed is
enhanced and precipitation is suppressed. Conversely,
positive SST tendencies are generated in the Indian
Ocean north of the equator and within the 20°-35°S belt
during ONDJ(0/1), which are characterized by lower
wind speeds and wet conditions. The simulated SST
increases in the South China Sea and northern Indian



1 JANUARY 2003

Ocean in ONDJ(0/1) due to latent heat fluxes are con-
sistent with the ship measurements analyzed by Klein
et a. (1999, their Fig. 7a). The important role of wind-
induced variations of latent heat transfer in warming the
southern Indian Ocean has been noted in the observa-
tional study by Yu and Reinecker (1999).

In view of the opposing effects of precipitation anom-
alies on Qg,, and Q/,,, as noted in the above paragraphs,
there is a discernible negative spatial correlation be-
tween the tropical patterns in SST tendencies due to
radiative fluxes (Figs. 5a,b) and the corresponding charts
for heat fluxes (Figs. 5¢,d). It is also worth mentioning
that the seasonal variations of the climatological mixed
layer thickness H (which are particularly pronounced
in the subtropics and extratropics) play a critical role
in determining the local magnitude of the tendency
terms for both radiative and heat fluxes (Figs. 5a—d).
For instance, H in the 20°-40°S zone of the Indian and
western Pacific Oceans increases from ~25 m in the
local warm season (ONDJ) to more than 50 m in autumn
(FMAM), thus leading to much more prominent signals
for the radiative and heat fluxes in the southern oceans
in ONDJ(0/1) (Figs. 5a.c) than in FMAM(1) (Figs.
5b,d).

b. Mixed layer depth

The contribution of changes in the mixed layer thick-
ness to the SST tendency is depicted by the patterns for
kQ(1/H)’ in Figs. 5ef [see definitions in Egs. (1) and
(2)]. For Q > 0 (i.e., warming by total climatological
surface flux), an increase of the mixed layer thickness
[(1/H)" < Q] would require that the warming be dis-
tributed through a deeper water column, thus leading to
a weaker SST tendency than normal. Conversely, re-
duction in H would result in above-normal SST ten-
dency. The above relationships would be reversed when
the climatological fluxes cool the mixed layer (Q < 0).
The modeling study of Murtugudde and Busalacchi
(1999) has also demonstrated the dependence of the
magnitude of SST anomalies on thermocline depth. The
variations of H are governed by entrainment of deep
water to the mixed layer, which, in turn, depends upon
the intensity of surface wind stirring (see Alexander et
al. 2000). Comparison between the composite chartsfor
wind speed (Figs. 3ab) and mixed layer depth (not
shown) confirms that stronger winds are associated with
deeper mixed layers, and vice versa. o

During the ONDJ(0/1) period, the distribution of Q
(not shown) is characterized by oceanic warming south
of 5°N, and cooling north of that latitude. In accordance
with the physical argumentsin the preceding paragraph,
the pattern for kQ(/H)" (Fig. 5e) and that for wind
speed (Fig. 3a) exhibit a strong negative spatial corre-
lation with each other in the near-equatorial and south-
ern oceans, and a positive correlation in regions farther
north. During the near-equinoctial period of FMAM(1),
Q is positive between ~10°S and ~15°N. Hence the
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anomalies in kQ(1/H)" (Fig. 5f) and wind speed (Fig.
3b) tend to have opposite polarities in the deep tropical
sites.

There exists a positive spatial correlation between
the composite patterns for kQ(1/H)" and k(Q[, +
Q%)/H in regions where Q > 0 (see Figs. 5¢—f). This
result is consistent with the role of wind speed in mod-
ulating both the latent and sensible heat fluxes (through
the bulk aerodynamic law) and the mixed layer depth
(through entrainment effects).

c. Total SST tendency

To illustrate the net effect of local reinforcementsand
cancellations among the contributions from different
surface flux components and from changes in H, the
sum of all three panels in Fig. 5 for each time period
has been taken and the results are displayed in Figs.
6a,b. The dominant contribution to the total tendency
(Figs. 6a,b) in many tropical sites comes from the co-
operative effects of latent and sensible heat fluxes (Figs.
5c,d) and variations of the mixed layer depth (Figs.
5e,f), which more than offset the opposing tendency due
to radiative fluxes (Figs. 5a,b).

In addition to the processes considered above, the
temperature of the mixed layer is also influenced by
several other mechanisms operating below the ocean
surface, which include temperature entrainment at the
base of the mixed layer, diffusion, and convective mix-
ing (see Alexander et al. 2000 for details). A complete
heat budget analysisfor the mixed layer is not attempted
here. We shall only make a few remarks on these sub-
surface effects on the basis of composite charts for their
individual contributions to the SST tendency (not
shown). The magnitude of the diffusion term is small
throughout the IWP domain. With the exception of a
limited number of grid points in the equatorial western
Pacific, the effect of convective mixing is also negli-
gible. The temperature entrainment term is relatively
larger in the western edge of the tropical Pacific, where
the warm minus cold composite values attain amplitudes
of 0.2-0.4°C month~1. Incorporation of thisentrainment
term in the total SST tendency would alter the pattern
of Figs. 6a,b in the equatorial western Pacific somewhat,
but would have only minor effects elsewhere.

d. Characteristic timescale of SST development

The total SST tendency shown in Figs. 6a,b exhibits
notable spatial relationships with the composite charts
for the contemporaneous SST anomalies (Figs. 3ef).
For instance, both Figs. 3e and 6a show positive anom-
alies in the northern and southern subtropics of the In-
dian Ocean basin. There is also some resemblance be-
tween the composite patterns for tendency and SST in
the subtropical southwestern Pacific in ONDJ(0/1). The
nature and characteristic timescale for the interactions
between the atmospheric forcing (as represented by the
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total SST tendency term) and the local SST field may
be portrayed by the ratio of warm minus cold composite
values of SST to those of SST tendency at each grid
point, as shown in Figs. 6¢,d for the ONDJ(0/1) and
FMAM(1) periods. The sign of this ratio indicates
whether the atmospheric forcing is conducive to am-
plification (for positive ratio) or attenuation (for nega-
tive ratio) of the local SST anomaly. The magnitude of
this ratio (expressed here in units of months) provides
a measure of the typical timescale for the composite
atmospheric forcing to establish or destroy the com-
posite SST signal. The estimation of this ratio is often
unreliable when the numerator and denominator are
close to zero. To avoid such situations, values of this
ratio are shown only at those grid points where the
amplitudes of the composite SST anomaly and SST ten-
dency exceed 0.1°C and 0.1°C month—1, respectively.
The ratio for the ONDJ(0/1) period (Fig. 6¢) is pos-
itive for a majority of grid points in the Indian Ocean,
subtropical southwestern Pacific within the 20°-40°S
zone, South China Sea, and the equatorial Pacific be-
tween 150°E and the date line, thus indicating the prev-
alence of SST reinforcement by the overlying atmo-
spheric forcing. The characteristic timescale for this co-
operative air—sea interaction is seen to be 1-4 months.
The most prominent features in the pattern for

FMAM (1) are the positive ratios over the Indian Ocean
just north of the equator, as well as off the northwestern
Australian coast. The rather noisy distribution over the
subtropical northwestern Pacific in this period is pri-
marily due to the near-quadrature spatial relationship
between the local SST and tendency fields, as docu-
mented in further detail by LNWO3. The latter authors
also noted that this phase lag may contribute to the
salient eastward migration of atmospheric and oceanic
signals in that region (see Fig. 3).

6. Feedback of SST anomaliesin IWP on the
atmosphere

The discussionsin the previous sections are primarily
concerned with the remote atmospheric response to the
SST variations imposed in the DTEP region, and the
implications of these atmospheric changes on the sur-
face condition of the oceans in the IWP sector. The SST
anomalies that are generated by this atmospheric bridge
mechanism could in turn affect the overlying atmo-
sphere. The present section is devoted to the diagnosis
of the nature of these air—sea feedbacks.
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respectively.

a. Inferences from comparison of MLM and CTRL
experiments

The model findings presented thus far are based on
the MLM experiment, which incorporates both the pre-
scribed oceanic forcing in DTEPR, and the two-way cou-
pling between the ocean mixed layer and the atmosphere
outside of that region. As described in section 2, a par-
allel set of control (CTRL) runs has also been conducted
for this study. The latter experiment considers the SST
forcing in DTEP only, whereas the air—sea feedbacks
elsewhere have been eliminated by fixing the SST con-
ditions at al maritime grid points outside of DTEP at
their climatological setting. Hence, the contributions of
air—sea interactions to the atmospheric anomalies sim-
ulated over IWP may be inferred by taking the differ-
ences between the output from the MLM and CTRL
experiments.

The warm minus cold composites of selected vari-
ables have been computed separately for the MLM and
CTRL experiments. Difference charts were then con-
structed by subtracting the composite data for CTRL
from those for MLM. The resulting patterns are shown
in Figs. 7a,b for surface wind vectors (arrows) and SST
(shading), and Figs. 7c,d for precipitation (shading) and
sea level pressure (contours). Results for the ONDJ(0/
1) and FMAM(1) periods are displayed in Figs. 7a.c
and 7b,d, respectively. Since there is no interannual var-

iability in the SST field beyond DTEP in the CTRL
experiment, the warm minus cold composite of thisfield
yields zero values everywhere outside of DTER The
difference patterns shown here for SST in the IWP re-
gion are therefore identical to those of the warm minus
cold composites based on the MLM experiment alone
(Figs. 3ef).

1) ONDJ(0/1) PERIOD

The difference chart for surface wind in the Indian
Ocean basin during this period (Fig. 7a) is characterized
by divergence from the equator, and convergence to the
subtropical zones in both hemispheres, where SST
warming has been simulated in the MLM experiment.
The most notable features in the western Pacific include
surface wind convergence over the warm equatorial SST
anomaly west of the date line, anticyclonic circulation
over the cold anomaly off the northeastern Australian
coast, and northeastward flow over the South China and
East China Seas. The corresponding chart for precipi-
tation and pressure (Fig. 7c) shows that the convergence
east of Madagascar, the Bay of Bengal, and the equa-
torial western Pacific is accompanied by negative dif-
ferences (MLM versus CTRL) in surface pressure and
positive differences in precipitation. The relatively
stronger anticyclonic flow over the subtropical south-
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western Pacific in the MLM experiment is collocated
with stronger positive pressure and negative precipita-
tion anomalies in that experiment.

The positive precipitation signal over the equatorial
western Pacific in Fig. 7c is situated over a warm SST
anomaly simulated in MLM (Fig. 7a). As noted in sec-
tion 4c, the latter SST feature is not discernible in the
observational data (see Fig. 4e). These considerations
suggest that the precipitation over the equatorial western
Pacific may be overestimated in the MLM experiment.
This excessive condensational heating generated in the
deep Tropics could partialy explain the much weaker
anticyclonic center near 30°N, 160°E in the MLM com-
posites (Figs. 3a,c) as compared with the observations
(Figs. 4a,c).

Over the tropical Indian Ocean and off the Chinese
coast, the surface wind vector pattern in the difference
chart (Fig. 7a) bears a considerable resemblance to the
corresponding composite pattern based on MLM data
(Fig. 3a), thusimplying that local air—sea coupling con-
tributes to the atmospheric circulation anomaly in that
region as simulated in the MLM experiment. Over the
subtropical southwestern Pacific, the anticyclonic wind
vectors and positive pressure center in the difference
chart (Figs. 7a,c) are located to the east of the corre-
sponding features simulated in MLM (Figs. 3a,c). This
spatial displacement suggests that air-sea interaction
may play arole in the eastward movement of the anom-
alous anticyclone and high pressure center over the
southwestern Pacific (Hg,) during the austral summer
and autumn of year(0/1) in the MLM experiment (Figs.
3a-d).

2) FMAM(1) PERIOD

The difference chart for wind vectors in this period
is characterized by further strengthening of surface con-
vergence along the belt of positive SST anomalies ex-
tending northeastward from the Arabian Seato the Bay
of Bengal and the South China Sea (Fig. 7b). Positive
precipitation and negative pressure differences prevail
in this convergence zone (Fig. 7d). The wind conver-
gence and positive precipitation differences over the
equatorial western Pacific, as noted earlier in the
ONDJ(0/1) pattern, persist through FMAM(1). The dif-
ference pattern over the subtropical northwestern Pacific
isdominated in the latter period by an anticyclonic cen-
ter, where the MLM experiment generates stronger pos-
itive pressure and negative precipitation anomalies rel-
ative to the CTRL run. In Fig. 7d, the positive pressure
difference on the eastern flank of the high anomaly H,
in the MLM experiment (see Fig. 3d) is indicative of
therole of air—sea coupling in the eastward devel opment
of Hy. A more detailed description of the impact of
atmosphere—ocean feedbacks on the spatiotemporal evo-
lution of H,, has been given by Wang et al. (2000) and
LNWO03.

Comparison between the difference chart and the

VoLUME 16

composite pattern based on the MLM simulation (Figs.
3b,d,f and 7b,d) reveas that the inclusion of atmo-
sphere—ocean feedbacksin MLM leads to reinforcement
of the wet anomaly along the mei-yu—baiu front over
east Asia during the spring of year(1). A more detailed
diagnosis of the variahility of thisrainbelt over the east
Asian seaboard as well as the relative impacts of remote
ENSO forcing and in situ air—sea interactions on this
feature has been performed by LNWO3. It is demon-
strated in that study that the composite precipitation and
sea level pressure anomalies associated with the mei-
yu-baiu front (Figs. 3d and 7d) are discernible in in-
dividual warm and cold ENSO events, and in amajority
of the 16 independent samples for each event. The sig-
nalsfor individual ENSO episodesarein agreement with
the corresponding observational estimates. The results
presented in LNWO03 also indicate an important role of
the SST anomalies in the subtropical northwestern Pa-
cific in modulating the intensity of the mei-yu—baiu
front.

b. Model responses to prescribed SST forcing in WP

The evidence presented in the previous section illus-
trates a strong spatia correspondence between the SST
anomalies generated by the MLM experiment in IWP
and the difference patterns for various atmospheric
fields. For instance, the strength of the convergence and
rainfall is relatively stronger in MLM than in CTRL
over positive SST anomalies, and vice versa. The nature
of these relationships suggests that the meteorol ogical
patterns in Fig. 7 primarily result from the feedback of
the SST changes in IWP on the overlying atmosphere.
We now proceed to test the validity of thisinterpretation
by analyzing the output from an auxiliary set of model
experiments. In each 5000-day integration, the solar
forcing has been fixed at a particular phase of the sea-
sonal cycle (either mid-January or mid-April). For each
of these seasonal settings, two separate runs have been
conducted.

» The climatological (CLIMO) experiment: Climatolog-
ical SST conditions for the corresponding phase of
the seasonal cycle (i.e., January or April), as obtained
from long-term averages of the SST field in the MLM
run, have been prescribed at all ocean grid points
throughout the course of the integration.

» The doubled SST anomaly (2 X SST) experiment: A
temporally fixed SST anomaly, as obtained by dou-
bling the warm minus cold composite of the SST data
produced in the MLM experiment during the corre-
sponding calendar month in year(1) [i.e.,, Jan(1) or
Apr(1)], has been added to the SST climatology at
most of the grid points in the IWP region. The same
climatological SST conditions as those used in the
CLIMO experiment have been prescribed at grid
points lying in the equatorial Pacific and at al sites
outside of IWR.
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Fic. 8. Distributions of the differences between the 2 X SST and CLIMO experiments, for (a), (b) surface wind
vector (arrows, see scale at bottom right) and SST (shading); and (c), (d) precipitation (shading) and sea level pressure
(contours, interval: 0.5 mb). Results for mid-Jan and mid-Apr conditions are presented in (a), (c) and (b), (d),
respectively. Color shading is not used in (&), (b) at grid points where no SST anomaly has been applied in the 2 X
SST experiment.

For each seasonal setting, the response of the model X SST and CLIMO runs mentioned in the following
atmosphere to the prescribed SST anomaly in the IWP  discussion exceed the 95% significance level.
region has been obtained by subtracting the 5000-day The patterns in Fig. 8 indicate that the typical at-
average of the CLIMO output from the corresponding mospheric response to positive SST forcing is charac-
average produced by the 2 X SST run. Thedistributions terized by surface wind convergence [e.g., the northern
of such differences between the 2 X SST and CLIMO Indian Ocean and the South China Sea in Jan(1) and
experiments are shown in Figs. 8ab for surface wind Apr(1)] or cyclonic flows [e.g., the southern Indian
vectors (arrows) and SST (shading), and Figs. 8c,d for Ocean in Jan(1) and the East China Seain Apr(1)], and
precipitation (shading) and sealevel pressure(contours). by negative sealevel pressure and positive precipitation
Results for the January and April integrations are diss anomalies. Conversely, the negative SST forcing in the
played in Figs. 8a,c and 8b,d, respectively. The color subtropical waters of the southwestern Pacific [Jan(1)
shading in Figs. 8a,b indicate those grid pointsat which and Apr(1)] and east of the Philippine Sea [Apr(1)] is
anomalous SST forcing has been applied in the 2 X  seento generate anticyclonic circulations, higher surface
SST experiment. Since the near-equatorial SST anomaly  pressures, and dryer conditions. A good qualitative cor-
in the 130°—172°E sector, as generated in the MLM ex-  respondence exists between the response signalsin Fig.
periment, appears to be a westward continuation of the 8 and the difference charts of MLM versus CTRL in
zonally elongated SST forcing imposed in the DTEP  Fig. 7, especially during the FMAM (1)/Apr(1) period.
region (see Figs. 1a,b), the equatorial western Pacific The consistency among the findings based on these two
SST anomalies should best be treated as an integral part  independent methods, as described in Figs. 7-8, further
of the forcing that is closely associated with ENSO. We  enhances the credibility of both approaches. In accor-
have, therefore, not prescribed any anomalous SST con-  dance with the doubling of the amplitude of SST forcing
ditions along the entire length of the equatorial Pacific inthe 2 X SST runs, the amplitudes of the atmospheric
in the 2 X SST experiment. We have also excluded signalsin Fig. 8 are typically higher than those in Fig.
North Pacific SST anomalies situated east of 172°E from 7.
that experiment. A Student’s t-test has been used to A notable quantitative difference between the results
assess the statistical significance of the patterns dis- in Figs. 7-8 is the much stronger cyclonic feature in
played in Fig. 8. Most of the differences between the2 the?2 X SST run (as compared to the MLM minus CTRL
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pattern) associated with the warm SST and above-nor-
mal precipitation conditions in the southern Indian
Ocean during Jan(1). It is, however, noteworthy that this
atmospheric response is supported by the observational
analysis performed by Xie et al. (2002, their Fig. 14),
who pointed out that ocean upwelling induced by the
cyclonic circulation serves as a negative feedback to the
underlying warm SST anomaly in that region.

7. Summary and discussion

The findings presented in this study underscore the
important role of the *‘tropical atmospheric bridge” in
linking SST variability in the DTEP region to that in
the IWP sector. As inferred from the SVD results in
Figs. 1-2, the seasonal dependence of thislink is char-
acterized by the typical occurrence of maximum SST
forcing in DTEP toward the end of year (0), that is, in
the mature phase of the ENSO cycle, and by a 3-4
month delay of the oceanic response in IWR The effects
of the ENSO forcing are communicated to the SST field
in IWP primarily by zonal displacements of the con-
vergence centers associated with the Walker circulation
in the deep Tropics, and by variations of the intensity
of anticyclonic pressure cells in the subtropics of both
hemispheres (Figs. 3—4). Thelatter atmospheric changes
bear some resemblance to Rossby wave modes forced
by anomalous heat sources and sinks situated near the
equator, such asthose generated in simple shallow-water
models (Matsuno 1966; Gill 1980) and nonlinear sta-
tionary models (LNWO03). The atmospheric responses
to ENSO are accompanied by notable anomaliesin sur-
face wind speed, humidity, and cloud cover in the IWP
region. These variations, in turn, influence the heat and
radiative fluxes at the air—sea boundary, as well as the
depth of the ocean mixed layer. Analysis of the heat
balance of the surface ocean reveals the dominance of
the contributions due to changes in latent heat fluxes
and thickness of the mixed layer (Figs. 5-6), both of
which exhibit a strong relationship with the anomalous
surface wind speed. For the first time in our current
series of studies on this subject, the incorporation of a
new ocean mixed layer model with variable depth has
allowed us to assess the importance of the kQ(1/H)’
term, as well as the impact of the seasonally varying
H on the k(Q4, + Q/w)/H and k(Q/,, + Qg,)/H terms.
Such evaluation was not feasible in our previous studies
(Lau and Nath 1996, 2000, 2001), which were based on
experiments using a mixed layer model with constant
thickness. The advantages of a mixed layer model with
variable H are demonstrated by the results in Figs. 5—
6, which indicate that the SST tendencies exhibit a
strong dependence on changes in H' and H.

In much of the IWP region at the end of year (0), the
total SST tendencies induced by various atmospheric
forcing mechanisms have the same polarity as that of
the local SST anomalies. Such cooperative interaction
between the atmospheric driving and the SST field sus-
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tains the development of the SST anomalies through the
northern spring of year(1l). The difference charts be-
tween the output from the MLM and CTRL experiments
(Fig. 7), as well as the GCM responses to prescribed
SST forcing in the IWP region (Fig. 8), indicate that
the feedback of the SST anomalies on the overlying
atmospheric circulation is an important facet of the air—
sea coupling in the IWP region. Comparison between
the atmospheric anomaly patterns simulated inthe ML M
experiment (Fig. 3) and the resultsin Figs. 7-8 suggests
that several prominent featuresin theformer charts, such
asintensification of therainbelt over the east Asian coast
and the eastward migration of the anomal ous subtropical
anticyclones during the northern spring of year(1), can
be attributed to feedbacks of the SST changes on the
atmospheric environment.

The empirical studies of Curtis and Hastenrath
(1995), Enfield and Mayer (1997), and Klein et al.
(1999) have provided evidence on another atmospheric
bridge connecting the DTEP region with the tropical
Atlantic. The MLM and CTRL experiments conducted
for the present study are suited for investigating the
ENSO-related variability of the coupled system in the
Atlantic sector. Various aspects of the atmosphere—
ocean interaction in that region could also be examined
by applying some of the analysis techniques developed
here.

In this study, we have focused our attention on com-
posite fields that were obtained by averaging the data
for several ENSO events and for multiple model real-
izations of each event. Preliminary statistics presented
in LNWO3 (see their Fig. 4) indicate considerable in-
terevent and intersample variability among the model
signals. Further diagnoses are needed to determine the
origin of these sampling fluctuations, and to investigate
the nonlinear aspects the atmosphere—ocean variability
in the IWP sector with regards to the polarity and
strength of the forcing. Of particular interest are the
dependencies of the intersample variations and nonlin-
ear behavior on the specific characteristics of each
ENSO event, and on the atmosphere—ocean state in the
onset stage of the events. Resolution of these complex
issues would advance our understanding of the pre-
dictability of the coupled system in the IWP region in
the presence of ENSO forcing. Such investigations
would be facilitated by the availability of a relatively
large number of individual samples (16 and 8 for the
MLM and CTRL experiments, respectively).

It should be stressed that only a subset of oceanic
processes has been incorporated in the simple mixed
layer model used in this study. This tool is evidently
not adequate for representing the air—sea interaction in
locations where oceanic changes are strongly influenced
by various dynamical mechanisms, such as advection
by ocean currents, upwelling, Ekman effects, and prop-
agation of modal structures. Theimportance of the latter
processes in the variability of the coupled system in the
Indian Ocean, and particularly in the generation of east—
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west contrasts in the SST field along the equator in that
basin, has been noted by Webster et al. (1999), S&ji et
a. (1999), Murtugudde et al. (2000), and Xie et al.
(2002), among others. Further investigations with fully
coupled GCMs are needed to assess the individual con-
tributions by surface flux forcing and ocean dynamics
to, as well as the relative roles of remote ENSO forcing
and internal atmosphere—ocean interactions in, the re-
current modes of atmosphere—ocean variability in the
tropical Indian and Atlantic Oceans.
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