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Abstract. The Indian Ocean underwent substantial changes in 1997-1998. The
observations show not only the appearance of a dipole mode in the tropical region
but also a persistent basin-scale warming. We present in this study an analysis of
the basin-scale sea surface temperature (SST) variations during 1997-1998 using
satellite observations, in situ temperature measurements, and National Centers for
Environmental Prediction reanalyses. We find that the Indian SST anomaly peaks
occurred at two periods, i.e., November—-December-January coinciding with the
Nino3 peak and the following April-May—June, and were phase locked to the Indian
Ocean seasonal cycle. The changes of SST in the equatorial ocean were related to
a coupled interaction between the atmosphere and the ocean. Oceanic upwelling
in the east and downwelling in the west played a major role in giving rise to the
SST anomalies associated with the dipole mode structure. The upwelling off the
coast of Sumatra elevated the regional thermocline by more than 80 m in December
1997. On the other hand, the changes of SST in the southern Indian Ocean were
largely induced by the changes of local latent flux. During boreal fall-winter of
1997 the southeasterly trades were displaced and abnormally prolonged in their
northernmost equatorial position. This shifted the center of the trades toward the
equator, weakened the winds in the central Southern Ocean, reduced the latent
heat flux in the region, and subsequently induced a surface warming. The total
change of the SST anomalies integrated over the two periods, July-December 1997
and January-May 1998, were explained well by the same period latent flux integral
in both intensity and pattern. The cross-basin upper ocean temperature sections
show that the extratropical warming was rather uniformly distributed in the upper

60 m, further supporting the role of mixed-layer processes in the warming.

1. Introduction

In 1997-1998, while one of the strongest El Nifios on
record took place in the tropical Pacific [Yu and Rie-
necker, 1998; McPhaden, 1999)], a record-breaking sea
surface warming occurred in the entire Indian Ocean
and persisted for several seasons [Yu and Rienecker,
1999). Meanwhile, an eventful sea surface cooling oc-
curred off the coast of Sumatra in contrast to the warm-
ing condition elsewhere in the Indian Ocean. The cool-
ing in the east and warming in the west were strong
enough to reverse the climatological sea surface tem-
perature (SST) gradient along the equator [Webster et
al., 1999; Yu and Rienecker, 1999] and to induce con-
siderable wind and precipitation anomalies [Anderson,
1999]. These unusual developments led to the recog-
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nition of an existence of a major mode, the so-called
dipole mode, in the Indian Ocean [Webster et al., 1999;
Sagi et al., 1999; Anderson, 1999].

The simultaneous ocurrence of the tropical Indian
Ocean dipole mode (negative SST anomalies in the
cast and positive SST anomalies in the west) and the
El Ninio-Southern Oscillation (ENSO) in 1997-1998
seems to suggest a possible link between these two phe-
nomena. However, by analyzing the historical record
both Webster et al. [1999] (hereinafter referred to as
WMLL99) and Saji et al. [1999] (hereinafter referred to
as SGVY99) pointed out otherwise: the Indian Ocean
dipole mode is independent of ENSO at least to the
first degree. This finding is consistent with the ear-
lier observational and theoretical studies. For exam-
ple, Reverdin et al. [1986] and Kapala et al. [1994]
noted that the Indian Ocean warming in 1962 occurred
in the absence of El Nifio though it had an El Nino-like
structure. Nicholls[1978, 1995] discussed monsoon vari-
ability and its relation to non-ENSO-related variability
within the Indian Ocean. Nevertheless, the ENSO influ-
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ence is nonnegligible as the Indian Ocean warming (as
well as the dipole mode) occurred during several previ-
ous ENSO events, particularly during the major events
of 1972, 1982, and 1987 [e.g., Cadet, 1985; Yasunari,
1987a, b; Nigam and Shen, 1993; Tourre and White,
1995; Nicholson, 1997; Chambers et al., 1999]. In other
words the ENSO forcing might create a favorable con-
dition, which promotes the manifestation of the Indian
Ocean variability.

El Nifio can influence the Indian Ocean through the
atmospheric connection, namely, the Southern Oscil-
lation (SO) [Bjerknes, 1969; Rasmusson and Wallace,
1982]. The SO represents large-scale sea level pres-
sure fluctuations between the southeast Pacific and
north Australia/Indonesia and defines the associated
atmospheric zonal circulations (namely, the Walker Cir-
culations) in both the equatorial Pacific and Indian
Oceans [e.g., Webster, 1987; Philander, 1990]. How-
ever, the atmospheric circulation in the Indian Ocean
is rather complicated by itself because of the presence
of the annually reversing monsoon. This highly variable
background mingles with the imposed ENSO signal and
complicates the circumstances under which the Indian
Ocean variability can be manifested. The 1997-1998 In-
dian Ocean event was atypical: the persistence, inten-
sity, and scale of the multiseason SST anomalies were all
historically high. With the unprecedented availability
of satellite observations and an expanded in situ observ-
ing network including the Volunteer Observing Ships
(VOS) program the 1997-1998 warm event in the In-
dian Ocean has been the best documented one to date.
The data provide a unique opportunity for a detailed
process study.

In this paper we present a data analysis of the 1997—
1998 Indian Ocean warming and focus on examining
two issues, i.e., the primary processes that gave rise
to multiseasonal SST anomalies in the Indian Ocean
and the possible influence of the El Nino forcing on
the warming development. By analyzing a single event
we limit ourselves to describing the findings from the
data rather than making or testing any general hypoth-
esis. The recent studies of WMLL99 and SGVY99 have
analyzed a longer data set and provided a greater in-
sight to the Indian Ocean dipole mode. In particular,
the coupled atmosphere-ocean interaction in the trop-
ical Indian Ocean is postulated as an important oscil-
lation mechanism. This study, aside from focusing on
one event, differs from the two studies on the analy-
sis of the basin-scale SST anomalies, a persistent and
prominent phenomenon during 1997-1998. Chambers et
al. [1999] conducted an empirical orthogonal function
(EOF) analysis for SST and sea surface height (SSH)
anomalies between 1982 and 1997 and suggested that
the Indian Ocean ENSO-related warming is driven by
wind-forced Rossby waves associated with the SO. The
finding is similar to those of Tourre and White [1995,
1997], who postulated ENSO as a “global signal” asso-
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ciated with a coupled ocean—atmosphere wave. In our
previous report [Yu and Rienecker, 1999] (hereinafter
referred to as YR99) we showed that the change of SST
in the extratropics was primarily a direct response to
the change of local surface air-sea fluxes (the latent flux
in particular). This result is supported by the ocean
modeling study of Murtugudde et al. [2000], who ex-
amined the SST anomalies in the Indian Ocean span-
ning 1958-1998. Although the model had difficulty in
simulating the observed anomaly in the southern In-
dian basin (probably related to the lack of the Indone-
sian Throughflow), the SST variability in other Indian
basins was largely reproduced. The present study is a
continuation of YR99. We include the analysis of the
upper ocean temperature structures along two cross-
basin VOS lines to delineate further the role of the
mixed layer dynamics in the extratropical warming.

Multisensor satellite observations, in situ tempera-
ture profiles from VOS provided by the Global Tempera-
ture-Salinity Profile Program (GTSPP), and model out-
puts from National Centers for Environmental Predic-
tion (NCEP) reanalyses [e.g., Kalnay et al., 1996] are
used. The data and their brief description are given
in section 2. The characteristics of nonseasonal varia-
tions in 1997-1998 are described in section 3, and the
relationship of the SST anomalies with the basin-scale
dynamics and ENSO forcing is examined in section 4.
The change of surface fluxes and its role in the change
of SST is analyzed in section 5. Upper ocean temper-
ature structures along two VOS routes are examined
in section 6. Summary and discussions are included in
section 7.

2. Data

The following is the list of data sets used in the study.
A brief description of each data set is included.

1. SSTs are from the Reynolds analyses [Reynolds
and Smith, 1995]. The data are obtained by optimally
interpolating satellite SST's from the advanced very high
resolution radiometer (AVHRR) with in situ SST mea-
surements. Monthly and weekly means on the 1° grid
are used. Unless specified, the SST anomalies in the
study are calculated as the departures from the 1982-
1996 base period monthly means.

2. SSHs are from the TOPEX/Poseidon altime-
ter. The processing procedure, which is described by
Adamec [1998], includes all standard corrections. Cycle
means (1 cycle ~ 9.98 days) with 1°x 1° resolutions
are used. The cycle anomalies are computed using the
1993-1996 base period monthly means.

3. Surface wind products of Special Sensor Microwave
Imager (SSMI) [Atlas et al., 1993]. These data are de-
rived from a blend of wind speed observations from the
Defense Mapping Satellite Program SSMI, wind vec-
tors from ship and buoy observations, and surface wind
analyses from the European Centre for Medium Range
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Weather Forecasts (ECMWF). The data are 6 hourly
with a resolution of 2.5° in longitude and 2° in lati-
tude. Monthly means are computed, and the anomalies
are derived from the 1988-1996 base period monthly
means.

4. Surface heat fluxes diagnosed from the NCEP re-
analyses [Kalnay et al., 1996]. The daily model outputs
are used to calculate monthly climatologies for each of
the flux components (latent, sensible, net shortwave,
and net longwave). The 15 year period 1982-1996 is
the base on which anomalies are computed.

5. Upper ocean temperature profiles from the data-
base of the GTSPP. In situ temperature measurements
in the Indian Ocean are available along a few VOS
routes. For the purpose of our basin-scale analysis we
utilize the temperature profiles along two cross-basin
VOS lines: one is between Madagascar and Sumatra,
and the other is between Somalia and Shark Bay in
Australia. Because ships along these two VOS lines
were operated rather infrequently and irregularly, it is
not possible to derive a complete time series of upper
ocean structure on a monthly basis or even the long-
term mean state. To delineate the changes occurring in
1997-1998, we compare with the upper ocean structure
of 1995-1996.

The first three data types (SST, SSH, and wind) are
identical to those used by WMLL99, although some
data sets might come from different sources. For in-
stance, the SSMI wind products used by YR99 and
this study are from an optimal blending of satellite,
in situ, and model data, while the NCEP winds used
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by WMLL99 are the data-assimilated model products.
Nevertheless, the two wind products are qualitatively
consistent during the whole targeted period (not shown).
It should also be noted that this study includes the
NCEP diagnosed heat fluxes and VOS subsurface tem-
perature measurements as additional data sets, while
WMLL99 analyzed the outgoing longwave radiation.
WMLL99 focused on the internal ocean dynamics and
on the internal (to the Indian Ocean) coupled ocean-
atmosphere dynamics during this event. This paper fo-
cuses on the role of the surface heat flux forcing in the
basin-wide warming and on the variations of the SST
anomalies around the Indian Ocean.

3. Evolution of the Surface Fields in
1997-1998

3.1. Mean Fields

The atmospheric circulation in the Indian Ocean is
strongly influenced by the annually reversing Indian
Monsoon and has a distinct seasonal cycle [Webster,
1987; Shukla, 1987]. This is seen in Figure la, the
monthly averaged climatological surface wind fields in
August, November, February, and May. While south-
westerlies prevail in the boreal summer, northeasterlies
prevail in the boreal winter. The southeast (SE) trades
dominate the southern tropical Indian Ocean through-
out the year, strongest and closest to the equator during
the summer and vice versa during the winter. The cen-
tral and eastern equatorial regions are generally a weak
wind zone. Equatorial westerlies are observed during

(@
AUG,CLIM NOV,CLIM FEB,CLIM MAY,CEM
v v A AN T L A I
201 ' LN A | ] 1 < K 20
101 AL I AN -~ 7 s - L 10
/ = NN / :
0 LY AN T oL T £k 4 S8 0
O N
-101 ~q NESEN XN pin =10
-201 p \ \-\\\\\&'\ 1 \\\\ 1 \\ F-20
NN A AN \\ \\
304/ -7 . R LiL .. . Ll M L -,,\\\,l,\/\\\\ -30
40 60 80 100 40 60 80 1 OO 40 60 80 100 40 60 80 100
(b)
AUG, 1997 NOV, 1997 FEB,1998 MAy,1998
v o Al AN N A | 20
201 ', iR 7 o N 1
101 1 Z o 7 S >N\ - 10
0 1 \'m\\\ / /e > R y /;Z:;:/) 1/: ’/'/5.4 YA \\-—’”" ﬁ/ 0
\%A Ry G W N .
-101 N \\\" J R Y RN RS
ERIIIR X N /7= - \\ \\
20 N PH TR AN 2 L AN XRN7F 20
e IAN N[ ARSI PR \ ‘;/M‘f;\\\ AL e M
30Tt F1 “' ‘l'l""*~'\/;x¢‘: '\ml i ,,\’/"/4/{/..7 L ~30
40 60 80 100 40 60 80 100 40 60 80 100 40 60 80 100
[ :
0 4
Figure 1. The monthly mean SSMI wind fields in August, November, February, and May during

(a) a climatological year and (b) 1997-1998. Wind speeds greater than 8 m s~

contour interval is 4 m s™!

1 are shaded. The
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Figure 2. The monthly mean Reynolds SST fields in August, November, February, and May
during (a) a climatological year and (b) 1997-1998. The 28°C isotherm is thickened, and SSTs
higher than 29°C are shaded. The contour interval is 1°C.

monsoon transitions, most evident in the fall, revealing
the influence of the Walker Circulation in the Indian
Ocean.

The seasonal evolution of the climatological SST is
displayed in Figure 2a for the same 4 months. SST
and surface winds are closely correlated, with the sur-
face winds in both hemispheres crossing isotherms to-
ward the warmest water. The isotherms in the Southern
Ocean migrate latitudinally in accord with the annual
march of solar heating, closer to the equator in July—
August and farther away in January-February. This
brings seasonal variations in the strength of the merid-
ional gradient of SST and, accordingly, the intensity
and position of the SE trades.

The monthly mean surface wind and SST fields in
1997-1998 are shown in Figures 1b and 2b, respectively.
The changes occurring during August 1997 and May
1998 are the focus of this study. Compared with the
corresponding climatological state, the SE trades were
stronger and the sea surface was warmer north of the
equator during the summer of 1997. The changes be-
came significant in the fall of 1997. At that time the
equatorial region observed unusual easterly winds in
contrast to the climatological westerlies. The SE trades
were displaced abnormally equatorward and did not
proceed on their seasonal retreat. Meanwhile, the zonal
SST gradient along the equator was reversed. With
a pool of warmer water in the west and a tongue of
cooler water in the east off the coast of Sumatra the
region looked more like the tropical Pacific Ocean in

non-El Nino years. These alterations in the equatorial
atmosphere-ocean were the manifestation of the rever-
sal of the Indian Walker Circulation [Webster, 1987].
During the winter of 1998, while the surface wind was
reverting gradually to its climatological state, the re-
covery of the normal SST pattern in the east proceeded
quickly. The rapid rise in SST was not limited to the
eastern equatorial region but rather occurred over the
whole basin. By the spring of 1998 the sea surface had
warmed up basin-wide, most evident in the region north
of 10°S where exceptionally high SSTs greatly amplified
the local seasonal maximum. The broad warming in the
Indian Ocean waned after the summer of 1998.

3.2. Nomnseasonal Variability

To identify the nonseasonal variability, the anomalous
surface wind and SST fields are given in Figures 3-
4 at 2 month intervals from July 1997 to May 1998.
Anomalous equatorial easterly winds began to develop
in early summer of 1997. This development accom-
panied the prolonged equatorward displacement of the
SE trades, resulting in the weakened winds across the
southern basin. Meanwhile, anomalous cold surface wa-
ter appeared off the coast of Sumatra because of the
strengthened upwelling (WMLL99) and extended west-
ward and equatorward. By November 1997 the nega-
tive SST anomalies in the eastern basin were more than
3°C, and the positive anomalies in the western equa-
torial region were above 1°C. These anomalies were of
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Figure 3. The monthly mean anomalous SSMI wind fields during July 1997 through May 1998
at 2 month intervals. Zero lines are thickened. Speed anomalies are in darkly shaded if >2 m
s~! and lightly shaded if < —2 m s™1. The contour interval is 1 m s~!.

JuL1997 . . NOV,1997

Figure 4. The monthly mean anomalous SST fields during July 1997 through May 1998 at
2 month intervals. Zero lines are thickened. SST anomalies are darkly shaded if > 0.5°C and
lightly shaded if < —0.5°C. The contour interval is 0.5°C. The two cross-basin dashed lines are
the VOS routes.

16,927



16,928

YU AND RIENECKER: INDIAN OCEAN WARMING

'] 1 1 1 1 1
a0 =
20 %
10
[ ] HNirad
=10
-20 4 e
=30 1
T L T L] T T L T L T T
1B0 -160 -140 -120 -100 -BO
a L EMAMIJASOND)FMAMI JASOND SMMEENAMMEN,
|
a4 =3
3 EQ-east
30+ =30
-
2 29 Lag
1 28+ 8
i} - -
B 31 ~31
-1 EQ-wast
P
‘E 30~ 3
Gy E R =
Z2a o8- 20
=i 1 F
3 —31
=5 ey Bay of Bengal o
19097 - 1 -
i 998 -> 3= -]
e e 28
[{] 1
= =31
JFMAMI JASOND FMAMI JASOND Arshian Saa
30— =30
294 29
26 - 28
g 37 3T
2 1 I
= 284 Ind=g0uth = 2h
¥ 274 L7
4 26~ L 24
E 25+ 24
o 24 =N
23+ ki
JFMAMI JASONDI FMAMI J ASOND S MM BN MMY 8N
1997 = 1998 =» 1997 -= 1998 ->

Plate 1. (a) The locations of the Indian Ocean and the Pacific Ocean Nifio3 indices. (b) The
Indian dipole indices versus the Nifio3 index in 1997-1998. (c) The basin-wide Indian SSTA
indices versus the Ninod index in 1997-1998. Peak values are marked by a circle. (d) Varia-
tions of the monthly-mean SST during 1997-1998 (colored lines) with regards to their respective
climatological seasonal cycles (shaded lines).
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Figure 5. The cycle mean anomalous SSH fields from TOPEX/Poseidon during July 1997
through May 1998 at 2 month intervals. Zero lines are thickened. SSH anomalies are darkly
shaded if >5 cm and lightly shaded if < —5 cm. The contour interval is 5 cm. The two cross-
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basin dashed lines are the VOS routes.

sufficient magnitude to reverse the climatological east-
west SST gradient along the equator (Figure 2b). From
the beginning of 1998 the sea surface was anomalously
warm over the whole Indian Ocean. The magnitude and
persistence of the broad-scale warming are shown more
explicitly in the SST anomaly plots. Large positive SST
anomalies (>1°C) were confined in a banded structure
across the southern basin in January 1998. As shown by
Latif et al. [1999] and Lau and Wu [1999], these anom-
alies forced the anomalous rainfall over East Africa dur-
ing this period. In March and May 1998 the warming
persisted rather uniformly over the whole basin.

As in the Pacific, the changes in the equatorial zonal
winds in the Indian Ocean have profound impacts on
the regional ocean circulation [e.g., Cane, 1980; Mc-
Creary et al., 1993; Yang et al., 1998]. This is clearly
shown in the anomalous SSH fields derived from the
TOPEX /Poseidon altimeter (Figure 5). The studies by
YR99, WMLL99, and Chambers et al. [1999] provided
extensive analyses of SSH data and of the relationship
between wind anomalies, SSH signal, and the gener-
ation of Kelvin and Rossby waves. Here we present
only a brief description of the SSH data and focus on
the analysis of the SSH and SST relationship. The
easterly anomalies in June-December 1997 generated
coastal upwelling off Sumatra as well as equatorial up-
welling Kelvin and downwelling Rossby waves (YR99,
Figure 1). The upwelling in the eastern basin lifted the

thermocline, brought the colder deep water into the sur-
face, and depressed the sea level. Downwelling in the
west had the opposite effect on the thermocline. As
a result, the sea level tilted toward the west, and the
equatorial SSH gradient was reversed. By November
1997 the SSH dropped as much as 30 cm in the east-
ern equatorial region and rose more than 20 cm in the
western basin.

YRI9 has reported that during the warming develop-
ment, negative SST anomalies were directly related to
negative SSH anomalies, but the positive SST anomalies
were not always associated with positive SSH anom-
alies. The negative SST (Figure 4) and SSH anomalies
in the eastern basin were well correlated because the
upwelled colder water directly affected the sea surface
temperature. On the other hand, downwelling, which
pumps warm surface water into the ocean interior, does
not directly increase the SST. The deepened thermo-
cline coincided with the general warming of the sea sur-
face, but the locations of maximum SSH anomalies were
not correlated with those of maximum SST anomalies.
Major SSH changes were associated with the equatorial
Rossby wave structure, centered at ~5° in both hemi-
spheres in late boreal fall 1997. However, major SST
variations were confined in a banded structure, aligned
away from the equatorial waveguide. The positive SSH
signal became more asymmetric about the equator with
time; the northern branch shrank and weakened, while



16,930

the southern branch extended southeastward with the
peak amplitude virtually unchanged. WMLL99 related
the southern warming to a ridge of anomalous Ekman
convergence just south of the equator during boreal fall-
winter 1997. This is consistent with the SSMI wind
anomalies during this period (Figure 3). Meanwhile,
the positive SST signal spread over the entire Indian
basin, and by March 1998 the band of maximum SST
anomaly in the Southern Ocean had disappeared. The
differences between the rise of the sea surface level and
the rise of the SST are more evident between January
and June 1998. At that time the SSTs were abnor-
mally high over the entire basin, but the sea levels in
the eastern basin remained abnormally low, yielding a
negative correlation between the two variables in the
eastern basin.

4. Development of the Indian Ocean
SST Anomalies

To follow the development of the Indian Ocean SST
anomalies (SSTAs) during 1997-1998 and their relation
to the evolving El Nifio, we divide the Indian Ocean
into five regions and use the area-averaged SSTAs as
indices. The five regions include two equatorial boxes:
EQ-west (5°S-5°N, 50°-70°E) and EQ-east (10°S-2°N,
80°-110°E), and three boxes outside of the equatorial
ocean: Arabian (40°-80°E, 7°-22°N), Bay of Bengal
(80°-100°E, 7°-22°N), and Ind-south (50°-100°E, 25°—
10°S) (Plate 1a). The Nifo3 SSTA index is also used,
which is the area-averaged SSTA over the Pacific box
(5°S-5°N, 150°-90°W). All the SSTA indices are nor-
malized by their own standard deviations.

4.1. Tropical Dipole Mode

Figures 3-5 show that the Indian Ocean mode, pre-
sented by WMLL99 and SGVY99, is characterized by
negative SST anomalies in the eastern equatorial region,
off the coast of Sumatra, and by positive SST anomalies
in the western equatorial region. The negative anom-
alies were associated with enhanced upwelling favorable
winds (e.g., WMLL99), while the negative anomalies
were associated with anomalous heat fluxes and reduced
east—west transports along the equator because of the
enhanced easterlies (e.g., SGVY99). These anomalies
were coherent with the same sign SSH anomalies and
easterly wind anomalies and were the manifestation of
the reversal of the Walker Circulation in the Indian
Ocean. WMLL99 and SGVY99 described the dipole
mode as self-sustaining coupled ocean—atmosphere-land
interactions. However, the longtime data record indi-
cates that the ENSO forcing might act as a trigger for
the dipole mode development as the dipole mode oc-
curred during previous major El Nifio events. SGVY99
and WMLL99 related the decay of the dipole mode to
the demise of the El Nino at least during 1997-1998,
although, as SGVY99 noted, there are also significant
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dipole modes during 1961 and 1967, times of no ENSO
and a La Nifla, respectively. The nature of the ENSO
forcing of the Indian dipole mode is beyond the scope
of this study.

Here, for completeness we plot the dipole indices
of SGVY99 along with the Pacific Nifio3 SSTA index
(Plate 1b). The index UA denotes the normalized
zonal wind anomaly averaged in the area (5°S-5°N,
70°-90°E). The negative value of UV represents east-
erly wind anomalies. The index Grad(SSTA) is calcu-
lated as the difference between the normalized SSTA
in the east (EQ-east) and that in the west (EQ-west).
The negative value of Grad(SSTA) indicates a reversal
of the climatological condition: the surface of the east-
ern equatorial basin was cooler than that of the western
basin. The phasing of the index follows the composite
behavior of SGVY99. The easterly wind anomalies and
the reversal of Grad(SSTA) developed simultaneously
in early summer of 1997. The coupling became strong
with time, and the dipole indices reached maximum in-
tensity in October—November 1997, a couple of months
earlier than the Nino3 index.

4.2. Basin-Scale SST Anomalies

The comparison between the large-scale SSTA indices
and the Nino3 index is plotted in Plate 1c. Three fea-
tures are clearly shown. First, warming in the equa-
torial and northern Indian Ocean began to develop in
March—April 1997, while the warming in the southern
Indian Ocean developed a few months later, in the sum-
mer of 1997. Second, evolutions of SSTA in different
regions were quite different. The anomaly intensity was
maintained for almost a year in the Arabian Sea and
Bay of Bengal, unlike those in the EQ-west and Ind-
south where they rose quickly during the boreal fall
and then fell rapidly after the peak. The eastern equa-
torial region was the only area where abnormal cool-
ing developed in the middle of the warming episode.
Last, the peak timing can be grouped into two periods:
November—December—January and the following April-
May—-June. The first period coincided with the Nifio3
peak.

Chambers et al. [1999] conducted an EOF analy-
sis for the Reynolds SST for 1982-1997. The mode 1
map showed that for the Indian Ocean, large warm SST
anomalies were located in both the southwestern basin
and Arabian Sea and that they were associated with
the classic El Nino pattern in the Pacific. Further-
more, the time series indicated that the onset of the
warming in these Indian regions was very close to that
in the eastern Pacific during major El Nifio events of
1983, 1987, and 1997. Our analyses follow the month-
to-month development for the 1997-1998 event. To a
large degree, the mode 1 structure of Chambers et al.
[1999] resembles the anomalous SST distribution in No-
vember 1997 (Figure 4). At that time, major positive
SSTAs (> 1°C) were centered in the western Arabian
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Sea and central southern Indian Ocean. However, our
analyses indicate that the evolutions of SST in these two
regions were rather different. The warming in the Ara-
bian Sea started in May 1997, while the warming in the
central southern basin occurred later, in August 1997.
The warming in the Arabian Sea reached its first peak
in November 1997, while the warming in the southern
basin was still in development, with its maximum inten-
sity occurring in January 1998. The amplitude of the
second peak in the Arabian Sea was similar to that of
the first. The changes of SST between these two peaks
were less than half of the standard deviation. It ap-
peared that the warming in the Arabian Sea was able
to be sustained near its maximum intensity for quite a
long period, from October 1997 to June 1998, although
the peak moved from off the coast of Somalia to south
of India. This feature seems to be not atypical from
the comparison with the study of Nicholson [1995] in
which a harmonic analysis was applied to eight warm
ENSO episodes during 1948-1988. The time-space evo-
lution of the composite SSTA in the Arabian Sea [see
Nicholson, 1995, Figure 10] showed a similar develop-
ment: the response of the regional SST to ENSO was at
its maximum during September—December of the ENSO
year, and the intensity in the northeastern area, after
a mild decline, reached the second peak in April-May
following the ENSO year. We have also observed two
anomaly peaks in the Bay of Bengal, with the first one
occurring in December 1997 and the second, stronger,
one in June 1998. The regional development before July
1998 was in good agreement with the composite pattern
of Nicholson’s study, which examined variability up to
the month of June in the year following the ENSO peak.

4.3. Correlation With the Seasonal Cycle of
the Indian Ocean

Plates 1b—1c reveal that the peak timing of the di-
pole indices and also the basin-wide SSTA indices have
phase shifts with respect to the Nino3 maximum, sug-
gesting a role of the Indian Ocean internal dynamics
[WMLL99, Murtugudde et al., 2000]. To see this more
clearly, we examine the phase relationship with the sea-
sonal cycle of the Indian Ocean. The evolution of the
monthly mean SST in these five regions in 1997-1998
along with their climatological seasonal cycles is plot-,
ted in Plate 1d. The influence of the annually revers-
ing Indian Monsoon is clearly shown. Multiple extrema
exist in the northern and western regions with high
SSTs occurring during monsoon transitions (April-May
and October-November) and low SSTs occurring during
the monsoon periods (August—-September and January—
February). The SST seasonal evolution in the eastern
equatorial region (EQ-east) is less complicated, with
one cycle annually (maximum in April-May and min-
imum in October-November). The behavior of the
southern Indian Ocean (Ind-south) is climatological:
the highest SST appears in the local summer (Febru-
ary), and the lowest SST appears in the local winter
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(August), showing the influence of solar heating on the
regional SST.

During 1997-1998 the SSTs in all the regions evolved
in accord with their own seasonal cycles, although the
amplitudes deviated considerably. Like the ENSO,
which is phase-locked to the seasonal cycle in the Pa-
cific [Rasmusson and Carpenter, 1982; Philander, 1990],
the anomaly peaks in the Indian Ocean were also reg-
ulated by their own seasonal cycle. The phase locking
of the Indian Ocean dipole mode has been noted by
SGVY99 and WMLL99. Plates 1c-1d show that except
in the EQ-east where the negative SSTA occurred 1-2
months after the seasonal minimum, the SSTA peaks
were locked to the seasonal extrema.

5. Role of Heat Fluxes in the
Basin-Scale Warming

5.1. Change of the Latent Heat Flux

The SST tendency equation can be expressed as

8T _ Qnet

T
i po I —u-y7l - wa— + Diffusion,

P (1)

where p is the water density, ¢, is the specific heat,
and H is the mixed layer depth. One can see that the
change of SST can be attributed to several important
processes, such as the net air-sea heat flux, Qpe; (the
sum of latent heat release, solar radiation, longwave ra-
diation, and sensible flux) and horizontal (u-yT) and
vertical (wdT'/0z) advections. The effect of direct air-
sea heat fluxes on SST has been shown to be significant
in the extratropical regions of the Indian Ocean and
off coasts where ocean wave dynamics are less domi-
nant [Liu et al., 1994; Gautier et al,, 1998; Yang et
al., 1998]. The impact of these terms is also signifi-
cant in the warm pool region of the western Pacific and
was a major focus of the Tropical Ocean Global At-
mospheres/Coupled Ocean Atmosphere Response Ex-
periment (TOGA/COARE) [ Webster and Lukas, 1992].
YR99 showed that the broad-scale surface warming in
the extratropical Indian Ocean during 1997-1998 was
largely induced by the change of latent heat flux asso-
ciated with the change of wind speed. To elucidate this
point more clearly, we first show in Figure 6 the monthly
SSTA tendency, defined as the differences of the first-
week SSTA between 2 consecutive months. Positive
SSTA tendency did not occur uniformly in space in con-
trast to what one might expect from a basin-wide warm-
ing (Figure 4). Instead, a warming tendency in one area
was often accompanied by a cooling tendency in some
other areas. Between September 1997 and April 1998,
warming tendency dominated cooling tendency, with
the maximum intensity located in the southern basin
in the fall of 1997 and then north of 10°S in the first
few months of 1998. This continuous warming trend
from south to north eventually led to basin-scale posi-
tive SSTA in the spring of 1998 (Figure 4).
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Figure 6. The monthly mean SSTA tendency (defined as the differences of the first-week SST
anomalies between 2 consecutive months) during July 1997 through June 1998 at 2 month in-
tervals. The anomalies are darkly shaded if >0.5°C (month)~! and lightly shaded if < —0.5°C
(month)~!. The contour interval is 0.5°C (month)~!, and zero lines are thickened.
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Figure 7. The monthly mean latent heat flux anomalies diagnosed from the NCEP reanalyses
for the period July 1997 through May 1998 at 2 month intervals, where the positive (negative)
sign denotes more (less) latent heat release from the sea surface. The anomalies are darkly shaded
if > 20 W m~2 and lightly shaded if < —20 W m~2. The contour interval is 20 W m™2, and zero
lines are thickened.
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The change of latent heat flux is shown in Figure 7.
The surface fluxes are diagnosed from the model out-
put of NCEP reanalyses. The pattern and magnitude
of latent flux variations were in good agreement with
those of month-to-month SSTA tendency (Figure 6).
In particular, the progressive warming in the southern
basin between June and December 1997 occurred at the
time that the regional latent heat release was persis-
tently reduced. For example, in November 1997, there
were negative latent heat flux anomalies across the cen-
tral Southern Ocean in a banded structure. Its loca-
tion correlated perfectly with the regional positive SST
anomaly center. Moreover, the warming of the eastern
tropical region during the first few months of 1998 cor-
responded directly to the reduced latent heat release in
the area. This points out the leading role of the latent
flux in the broad-scale Indian Ocean warming.

The diagnosed NCEP heat fluxes are derived from the
reanalyses of an atmospheric general circulation model
(GCM), which itself is forced by the observed SST.
One might wonder whether the latent heat flux anom-
alies from NCEP were the direct response to the SST
anomalies. This is not the case because higher (lower)
SST would lead to a greater (weaker) latent heat re-
lease if other physical parameters were kept unchanged.
What happened here was exactly the opposite: the SST
was higher because of less latent heat release. In other
words, the changes of latent flux drove the SSTA ten-
dency. YR99 showed that the fluctuations in the latent
flux were primarily controlled by the changes of surface
wind speed and the NCEP analyses simulated the large-
scale perturbations in the surface wind, as measured by
the SSMI wind analyses, well. On the broad scale, areas
with stronger (weaker) wind speed were mostly consis-
tent with greater (weaker) latent heat release. This is
most evident in the southern Indian basin between June
and December 1997 and in the eastern equatorial re-
gion during the first few months of 1998, indicating the
broad-scale warming was due primarily to the changes
of latent flux associated with the changes in wind speed.

The large-scale fluctuations in the surface wind speed
were related to ENSO at least in the eastern basin.
WMLL99 and SGVY99 showed that the atmospheric
response to the reversed zonal gradient of SST along the
equator is the appearance of easterly anomalies of suffi-
cient strength to reverse the late fall Walker Circulation.
The SE trades were displaced longer in their northern-
most equatorward position (Figures 1 and 3). These
abnormalities strengthened the winds in the equator-
ial region but weakened the winds over the vast area
south of 10°S. The effect was particularly dramatic in
the fall of 1997, during which the significantly weak-
ened winds led to a great reduction in the latent heat
release. Starting from January 1998, the equatorial
easterly anomalies gradually diminished (Figure 3) as
El Nifio waned. This reduced the upwelling in the east-
ern Indian Ocean (Figure 5) and reduced the cooling
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effect on the regional sea surface there, but the sea level
was still low. Actually, the quick rise in eastern equa-
torial SST (Figure 4) in early 1998 can be attributable
at least partially to the latent heat flux (the solar heat-
ing was another factor as is shown in section 5.2). Two
effects operated consecutively for the latent heat reduc-
tion in the region. The first effect was that of negative
SST anomalies, which had persisted since June 1997
and eventually fed back to latent heat flux through the
specific humidity deficit [Gautier et al., 1998]. This is
clearly shown in November 1997 when the latent heat
flux anomalies responded directly to the regional SST
anomalies rather than to regional wind speed anomalies,
which were positive at this time. The second effect was
that of the weakened wind speed. Between January and
May 1998 the abnormal equatorial easterlies were being
diminished, but the climatological equatorial westerlies
were not resumed. The result was the reduced wind
speed and, consequently, the reduced latent heat release
in the equatorial region.

5.2. Effects of Other Flux Components

Net surface heat flux consists of four components, the
latent heat release, solar heating, longwave radiation,
and sensible flux. The above analyses have shown that
the latent heat flux was the primary cause of the change
of the SST, particularly in the Southern Ocean, during
1997-1998. To examine the overall effect of each flux
term on the intensity and timing of the warming, we
integrate the tendency and flux terms in (1) over two
periods, July—December 1997 and January—May 1998,
by setting the mixed layer depth to 60 m (see section 6
for the basin-scale upper ocean structure). Figure 8
plots the total change of SSTA and the change of SSTA
induced by latent flux and net radiation (the sum of
solar and longwave radiations) over these two periods.
The contribution from the sensible flux is small and not
shown here. During July-December 1997, major warm-
ing was located in the Southern Ocean with the SSTA
more than 3°C in the central basin. The heat source ap-
peared to have come from the latent flux, as the pattern
and intensity of the SSTA induced by the latent heat
agrees well with those of the total SSTA. Similarly, the
latent heat flux was also the primary forcing for the
cooling of the regional sea surface during January-May
1998.

The net radiation anomalies diagnosed from the
NCEP reanalyses were generally <20 W m~2 (not
shown), about 3 times smaller than the latent flux
anomalies. Correspondingly, the contribution of the net
radiation to the change of the SST was generally small
except in the equatorial region, where the forcing could
induce a change of SST up to 1°C (Figure 8). The
relatively large contribution of the net radiation in the
equatorial region might have resulted from the change
of the convection and therefore the cloud pattern in
response to the dipole mode and the reversal of the
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Plate 2. The upper ocean temperature structures in 1997-1998 and 1995-1996 along the VOS
routes between (a) Madagascar and Sumatra and (b) Somalia and Australia. The actual VOS
routes are plotted at the top right corner. The XBT locations are denoted by red crosses.
Temperatures are colored if > 20°C. T'he depths of the 20°C isotherm are also displayed.
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Figure 8. The change of SSTA, latent flux anomalies, and the net radiation flux anomalies
integrated over two periods: (a) July-December 1997 and (b) January-May 1998. The anomalies
are darkly shaded if > 0.5°C and lightly shaded if < —0.5°C. The contour interval is 0.5°C.

Indian Ocean Walker Circulation. However, the cloud
structure simulated by an atmospheric general circu-
lation model (AGCM) might contain large uncertainty
because of the imperfect parameterization of moisture
processes. Since the amplitude of the radiative flux is
small, the noise in the reanalyses places a severe limita-
tion on quantifying the radiative effects. This data set
may be combined with satellite-derived outgoing long-
wave radiation (OLR) to diagnose qualitatively the pri-
mary areas affected by the radiative flux. Preliminary
investigation of OLR data (not shown) indicates that
the radiative flux would have a warming effect on SST
in the eastern equatorial region/Bay of Bengal and a
cooling effect in the western Indian basin/Arabian Sea.
This is consistent with Figure 8, although the degree of
the influence remains to be examined.

5.3. Quality of the NCEP Fluxes

The NCEP fluxes are the only flux data available to
our present analyses. However, the NCEP products, on
monthly average, may contain an error as large as 50
W m~2 as a result of underestimated shortwave heating
and longwave cooling and overestimated latent cooling

and rainfall [Weller et al., 1998]. The resulting error in
SST would be at 0.5°C if assuming a mixed layer depth
of 60 m. Figure 8 shows that the integrated change
of SSTA in the Arabian Sea and Bay of Bengal can-
not be explained by either latent or radiation fluxes, as
these fluxes had an opposite effect on the regional SST
changes. This implies that ocean processes might be a
major contributor to the regional SST dynamics and/or
the diagnosed NCEP fluxes might be incorrect. The
available data are not adequate to quantify the role of
oceanic processes, nor are flux observations available to
validate the NCEP products during this period. How-
ever, as noted above, upwelling processes were crucial
in defining the SST off Sumatra during the later half
of 1997. Examination of the NCEP wind field points
out that the NCEP wind speed anomalies in the Ara-
bian Sea and Bay of Bengal had opposite signs to those
calculated from the SSMI and Florida State University
(FSU) products, although the structure and intensity
of the wind variations in the Southern Ocean agreed re-
markably well. Care should be taken in using the NCEP
fluxes as the wrong sign of the NCEP wind speed anom-
alies would inevitably lead to an erroneous latent heat
flux.
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6. Subsurface Variations Along Two
VOS Routes

We utilize the temperature profiles acquired along
two cross-basin VOS routes, one between Madagascar
and Sumatra (Plate 2a) and the other between Soma-
lia and Shark Bay in Australia (Plate 2b) to illustrate
the upper ocean temperature structures in the Indian
Ocean. The change of the upper ocean between July
1997 and May 1998 is analyzed and compared with the

structure in 1995-1996 of the same months. Data were
not available every month. In some months the data

were acquired only along a partial route. We present
in Plates 2a—-2b the sections that enable a direct com-
parison between 1997-1998 and 1995-1996. The depth
of the 20°C isotherm, a commonly used index for the
change of the thermocline, is also displayed.

The VOS line between Madagascar and Sumatra
(Plate 2a) crossed major SST and SSH anomaly cen-
ters in the southern basin and the eastern equatorial
region (Figures 4-5). Substantial changes in the tem-
perature structure were observed along this line. The
shoaling of the thermocline in the eastern equatorial re-
gion was visible in September 1997, as the depth of 20°C
isotherm within the longitudes of 80°—90°E was shal-
lower. The change became significant with time. In De-
cember 1997 the thermocline east of 80°E was elevated
by more than 80 m, while it was depressed by ~50 m
between 70° and 80°E. This is consistent with the fea-
tures shown in the SSH field (Figure 5). The upwelling
in the eastern equatorial region lifted the thermocline
and lowered the SSH, while the downwelling in the west
depressed the thermocline and increased the SSH. In
January 1998 the equatorial upwelling was weakened,
and so, the thermocline depth was returning to normal.
The thermocline was still deep between 70° and 80°E
as the strength of the downwelling center south of the
equator was largely maintained at that time.

Along this line the large change of the subsurface
temperature in association with the shallowing of the
thermocline (upwelling) in the eastern basin was clearly
seen. There the temperature at 100 m below the sur-
face in December 1997 was ~ 6°—7°C colder than that
in December 1995. This is also seen in the equator-
ial analysis of Anderson [1999]. Meanwhile, the surface
warming of the southern basin in late 1997 and early
1998 was also visible. For example, the layer in the up-
per 50 m in January 1998 was ~ 1°C warmer, and the
warming was rather uniform. It is worth noting that the
region of maximum warming did not match exactly the
greatest thermocline anomaly. The thermocline deep-
ening coincided with the downwelling center just south
of the equator (WMLL99), while the enhanced warm-
ing lay southwestward, in good agreement with the SST
anomaly distribution without penetrating to the ther-
mocline (Figure 4).

The VOS line between Somalia and Australia (Plate
2b) lay largely on the edges of major SST and SSH

16,937

anomaly centers. The changes of the thermocline along
this line were not as dramatic as those shown in Plate 2a.
Nevertheless, the deepening of the thermocline associ-
ated with the downwelling center south of the equator
was visible between 70° and 90°E. The locations of the
thermocline elsewhere seemed to agree well with those
in 1995-1996, indicating that the thermocline in the re-
gion did not undergo major changes. Nevertheless, the
change of the temperature above the thermocline was
substantial, especially since January 1998. The shallow
surface layer (within the upper 100 m) was uniformly
warmed by > 1°C. The confinement of the warming in
the upper layer suggests that the temperature change
was largely induced by the incoming surface fluxes and
that the mixed layer processes played a major role in
the warming. This supports our analysis in section 5
that the warming outside of the equatorial region was a
direct response to the change of the latent heat flux due
to the weakened wind. The weakened wind would also
have weakened the mixing process in the upper ocean
and was a positive factor in trapping the heating in the
shallow surface layer.

7. Summary and Discussion

The Indian Ocean underwent substantial changes in
1997-1998. The observations show not only the appear-
ance of a dipole mode in the tropical region (WMLL99;
SGVY99) but also a persistent basin-scale warming
(YR99). We present in this study a data analysis of the
basin-scale SST variations during the 1997-1998 event.
Multiple data sets are used in the analyses. The data
include satellite-derived observations of SST, SSH, and
surface wind, in situ temperature measurements from
VOS, and surface fluxes diagnosed from the model out-
put of NCEP reanalyses.

The analysis shows that the surface warming first de-
veloped in the northern and equatorial regions in the bo-
real spring of 1997. The warming in the Southern Ocean
came one season later, in the early summer of 1997. The
eastern equatorial region was the only area where ab-
normal cooling developed during July-December 1997.
The negative SST anomalies together with the positive
SST anomalies in the western equatorial region formed
the dipole mode (e.g., WMLL99; SGVY99). After the
regional cooling recessed, warming appeared over the
entire Indian Ocean in January 1998 and persisted for
more than 6 months. The Indian SST anomalies peaked
at two periods: November-December—January and the
following April-May-June. The first period coincided
with the mature phase of the El Nifio in the Pacific.
However, the timing of the anomaly peaks had a phase
shift with regard to the Nifio3 SST anomaly index and
is found to be regulated by the Indian Ocean seasonal
cycle. SGVY99 and WMLL99 noted the phase locking
of the Indian dipole mode to the seasonal cycle. Our
analysis shows that outside of the equatorial region, the
anomaly peaks were also in phase with the seasonal ex-
trema.
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The change of SST in the equatorial ocean was gov-
erned by a coupled interaction between the atmosphere
and ocean, a mechanism which is postulated as a key
to the oscillation of the Indian dipole mode (WMLL99;
SGVY99). At the height of the dipole mode the Walker
Circulation in the Indian Ocean was reversed. This
was manifested as the reversal of the climatological
SST along the equator and the appearance of pro-
longed easterly winds in the equatorial region. The
oceanic upwelling and downwelling processes associated
with Kelvin waves (for the former) and Rossby waves
(for the latter) contributed to the surface cooling in
the east and warming in the west. The subsurface
temperature structures, constructed from expendable
bathythermograph (XBT) profiles acquired along two
cross-basin VOS routes, show that the upwelling off the
coast of Sumatra elevated the regional thermocline by
more than 80 m and allowed sufficient cold water to
upwell to the upper layer. This affected not only SST
but also subsurface temperatures. The temperature at
100 m in December 1997 was ~6-7°C colder than that
in December 1995.

The change of SST in the southern Indian Ocean was
largely a direct response to the change of local air—sea
fluxes, particularly the latent flux component. Dur-
ing boreal fall-winter of 1997 the southeasterly trades
were displaced abnormally prolonged in their north-
most equatorial position in association with the re-
versed Walker Circulation. This shifted the center (and
so the maximum intensity) of the trades more toward
the equator and weakened the winds in the central
Southern Ocean. The weakened winds resulted in a
major reduction in the latent heat release and provided
the source for the surface warming. Meanwhile, the
weakened winds would also have weakened the mixing
in the upper ocean and trapped the warming in the shal-
low upper layer. The cross-basin upper ocean temper-
ature sections show that the extratropical warming in
1997-1998 was rather uniformly distributed in the up-
per 60 m, indicating the role of mixed layer processes
in the warming. By setting the mixed layer depth to
be 60 m the total change of the SST anomalies inte-
grated over the two periods, i.e., July-December 1997
and January—May 1998 were explained well by the in-
tensity and pattern of the latent flux anomalies inte-
grated over the same two periods.

The NCEP fluxes are the only flux data available for
the present analysis. We found that the NCEP latent
flux can explain well the change of the SST in the south-
ern Indian Ocean but fails in the Arabian Sea and the
Bay of Bengal. Since the change of latent flux is largely
determined by the change of wind speed in the trop-
ical regions [Liu and Gautier, 1990, Lau et al., 1997],
we have conducted comparisons of the NCEP surface
wind product with the SSMI wind product and the wind
derived from the FSU pseudostress for the period of
1997-1998. The comparisons show that the NCEP wind
speed anomalies were in good agreement with SSMI and
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FSU winds in the southern basin but had the wrong sign
over large area of the northern basin. The questionable
wind in the northern basin could certainly introduce
a considerable degree of uncertainty in the diagnosed
fluxes. In addition, solar and longwave radiations need
to be calibrated before their effects on the basin-scale
warming can be quantified. The fluxes from the NCEP
and other reanalyses centers could be a valuable source
for climate studies after being calibrated and validated
against high-quality in situ flux observations.
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