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Abstract. Observations from the TOPEX / POSEIDON
(T/P) altimeter reveal that the sea level in the Indian
Ocean varies strongly with season. Surface undulations
propagate eastward along the equator and westward
outside the equatorial waveguide. The forcing mech-
anisms responsible for such variations are investigated
in this paper by analyzing T/P data and surface wind-
stress forcing, and by using a nonlinear, 2.5-layer, re-
duced gravity model. Both the data and the model
show that Kelvin and Rossby waves forced by the In-
dian Ocean monsoon are primarily responsible for the
seasonal sea-level change in the tropical and the sub-
tropical Indian Ocean.

1. Introduction

The wind-driven circulation in the Indian Ocean has
great seasonal variation due to monsoon forcing. There
have been many studies of the seasonal circulation in the
Indian Ocean [e.g., Lighthill, 1969; Luther and O’Brien,
1985, 1989; McCreary et al., 1993; Jensen, 1993; Per:-
gaud and Delecluse, 1992; Clarke and Liu, 1993] in
which the roles of Kelvin and Rossby waves have been
greatly emphasized. These waves can propagate over
great distances and affect ocean circulation in remote
regions far from their origin [e.g., Adamec and O’Brien,
1978]. Yu et al. [1991] and Potemra et al. [1991] applied
this “teleconnection mechanism” to the Indian Ocean
and proposed that equatorial Kelvin waves contribute
significantly to the seasonal gyre circulation in the Bay
of Bengal through reflected Rossby waves. This mech-
anism remains to be examined by using observations.
Sea surface height (SSH) data from the T/P altimeter
are ideal for this purpose because of their basin-wide
coverage. The main objective of this paper is to use
this data set, combined with an ocean model, to inves-
tigate the main forcing mechanisms in the tropical and
subtropical Indian Ocean.
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2. Model Formulation

The ocean model used in this study is a nonlinear,
2.5-layer, reduced gravity model formulated in spheri-
cal coordinates. It is forced by the climatological wind
stress data from Florida State University [Stricherz et
al., 1993]. The initial layer thicknesses are 200 m
and 250 m for H; and Hj respectively. The potential
density in each layer is estimated from the basin-wide

ually averaged data fro vitus et al. 110041

and annuaiy av ed data from Levitus ef al [Looz),
yielding 1024.040, 1026.576, and 1027.530 kg m~3 for
each of the three layers. The phase speeds of the first
and second baroclinic mode Kelvin waves, computed
following McCreary et al. [1993], are 2.76 m s~! and
1.23 m s~1, respectively. The viscosity is 1500 m? s~!.
The model includes the same entrainment parameter-
ization as Jensen [1991]. The model is spun up for
50 years to achieve a steady seasonal cycle. The result
used in this paper is from the 50th year. The boundary
conditions are no normal flow except at the southern
boundary where an open boundary condition is used.
The model’s horizontal resolution is 1° x 1° and the
Arakawa C-grid is used.

3. Discussion

During the northeast monsoon season in the north-
ern winter, the zonal wind is westward at the&quator,
so it forces upwelling Kelvin waves and downwelling
Rossby waves in the equatorial waveguide. Figure 1a
shows that the SSH deviation is negative in the equa-
torial and eastern basins in January. Two months later
in March, the wave signals become even clearer (Fig-
ure 1b). Upwelhng Rossby waves are radiated offshore
from the eastern boundary. Meanwhile, downwelling
Rossby waves generated by the easterly wind compo-
nent in the equatorial ocean are clearly shown near the
western boundary (Figure 1b). To illustrate this wave-
generation mechanism, the evolution of wind stress
along the equator and that along the eastern boundary
are presented in Figures 2a and b. The easterly wind
dominates at the equator between January and April
(Figure 2a), and it is responsible for the generation of

1915



1916 YANG ET AL.:

{a) Janvary

(b} March

308 g .
105E 120E 30E 45E 60E 756 90E

{c) May

308 o
30E  45E 60E 756 90E 105E 1208

(d) July

308 A = -
105E 120 SOE 45€ 60E 7SE 9O

(e) September

308
30E 455 60E 7SE  90E 1056 120E

{f) November

0S8 o e 308
30E 45E 60E 75E O90E 10SE 120E 30E 455 GOE 75E  90E 105E 1208

Figure 1. Seasonal deviations of the SSH in TOPEX / PO-
SEIDON observations. (Contour mterval 2.5 cm; negative
SSH deviations are shaded).

upwelling Kelvin waves in the eastern and downwelling
Rossby waves in the western equatorial basin.

Rossby waves near the eastern boundary can be gen-
erated either locally by alongshore winds or remotely
by reflection of equatorial Kelvin waves. North of the
Indonesian Throughflow (ITF), roughly between 12°S
and 21°S, the alongshore wind component in the north-
ern winter is southward (Figure 2b), so it forces up-
welling Rossby waves in the northern hemisphere and
downwelling Rossby waves in the southern hemisphere.
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Figure 2. Time series of the FSU pseudo wind stress @y,

where U is wind speed vector), (a) zonal component along
the equator, and (b) along coast comgonent at the eastern
boundary. (Contour interval: 3 m® s™*; easterly wind in (a)
and northerly wind in (b) are shaded).
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This indicates that, while upwelling Rossby waves in the
eastern Bay of Bengal can be attributed to either the
local or the remote mechanisms, those in the southeast-
ern Indian Ocean, between the equator and the ITF, can
only be forced by a remote mechanism since alongshore
wind produces downwelling waves. South of the ITF the
alongshore wind has an opposite seasonal cycle, i.e., it
is directed northward in the northern winter. Thus it
forces upwelling Rossby waves locally. In fact, upwelling
waves off the Australian coast in January (Figure la)
were likely generated by the alongshore wind.

Positive SSH deviations are found in regions off both
coasts of India in the northern winter (Figure la-b).
These downwelling Rossby waves were generated in the
previous southwest monsoon season. The wind along
the west coast of India is southward during the northern
winter, so it forces upwelling Rossby waves. Therefore
the downwelling Rossby waves in the eastern Arabian
Sea are not generated locally.

The southwest monsoon starts to develop in April
(Figure 2a), and downwelling equatorial Kelvin waves
are excited. Indeed the SSH deviation in May (Fig-
ure 1c) shows that downwelling Kelvin waves with the
elevated SSH have already reached the eastern bound-
ary, and downwelling Rossby waves are just being radi-
ated offshore. Meanwhile upwelling Rossby waves, gen-
erated in the previous northeast monsoon, still domi-
nate to the west of those newly radiated downwelling
Rossby waves. The alongshore wind at the eastern
boundary north of the ITF, between April and Septem-
ber, is mostly northward. This will force upwelling
(downwelling) Rossby waves in the southern (north-
ern) hemisphere. Therefore the downwelling Rossby
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Figure 3. Same as Figure 1 except from our numerical
model.
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waves observed in the southern Indian Ocean off the
eastern boundary between the equator and the ITF in
late spring and early summer (Figure 1c-d for May and
July) could not be generated locally by alongshore wind
stress. They must originate from equatorial Kelvin
waves.

Figure 2a reveals an interesting feature for the zonal
wind along the equator. While the annual cycle domi-
nates in the western basin, the semi-annual cycle is more
remarkable in the central and eastern basins. There-
fore both annual and semi-annual Kelvin and Rossby
waves are forced in the equatorial waveguide. Indeed
upwelling waves at the eastern boundary are clearly
shown in the September SSH deviation (Figure 1e). The
only mechanism for forcing such upwelling waves is the
easterly wind between May and September in the cen-
tral equatorial basin (Figure 2a) (the alongshore wind
at the eastern boundary is northward in this season,
so it forces downwelling Rossby waves in the northern
hemisphere). In the central equatorial ocean the zonal
wind becomes westerly between September and Novem-
ber. Downwelling waves forced by this change are ob-
served near the eastern boundary in December’s SSH
deviation (Figure 1f).

The model results (Figure 3) compare reasonably well
with the T/P data (Figure 1) in the northern basins,
along the equator, and in the regions off the eastern
boundary, but rather poorly in the interior in the south-
ern hemisphere, particularly in the region south of 15°S
and west of 85°E. This region is less affected by long
Rossby waves radiating from the eastern boundary. The
model variability in this region is dominated by a chain
of westward propagating waves that appear to be the
second baroclinic mode Rossby waves at the annual fre-
quency. It is unclear why such waves, absent in the
T/P observations, are generated in the model. Mean-
while the model does not include the ITF, so the gener-
ally good agreement between the model and the data in
the eastern Indian Ocean appears to indicate that the
wind-stress forcing within the Indian Ocean is mainly
responsible for Rossby waves radiating from the eastern
boundary. The magnitude of the SSH deviations in the
southern hemisphere, however, is generally smaller than
that in the data. It is not clear at present whether this
is due to the lack of ITF.

(a) Model-T/P

(b) Mode!-T/P and Levitus Data
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Figure 4. The distribution of correlation coefficient (a) be-
tween T/P observation and model results, and (b) between
T/P observation and the new field that combines both model
SSH and the mixed-layer, temperature-induced SSH. (Con-
tour interval: 0.2; negative correlations are shaded).
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Figure 5. The evolution of the SSH deviation along the
equator and the northeastern boundary, (a) from T/P data
and (b) from the model. (Contour interval: 1.5 cm; negative
SSH deviations are shaded).

The correlation coefficient between the model and
T/P observations is shown in Figure 4a. High correla-
tion, ranging from 0.7 to 0.9, is found along the equator,
in the southeastern Indian Ocean, and in the northern
Indian Ocean but not in the interior of the Bay of Ben-
gal. The southwestern Indian Ocean, a region less af-
fected by Rossby waves, has low correlation. The reason
for the poor model-data agreement in those regions is
likely due to the lack of thermodynamics in the model
(to be discussed below), the open boundary conditions,
or the absence of the Indonesian Throughflow.

The seasonal SSH deviation along the equator and
along the northeastern boundary is presented in Fig-
ure 5 to demonstrate the connection between equatorial
and eastern boundary Kelvin waves. It indicates that
semi-annual Kelvin waves dominate the seasonal SSH
variations along the equator and at the eastern bound-
ary. The propagation of Kelvin waves from the equa-
torial waveguide to the eastern boundary is quite clear
in both data (Figure 5a) and the model (Figure 5b).
The less smooth transitions at 5°N are due to a sudden
change of the eastern boundary location.

The T/P data (Figure 5a) indicate that Kelvin waves
travel across the basin in about 1 to 1.5 months with
a phase speed of roughly 1.5 to 2.2 m s~!. This is be-
tween the phase speeds of the first and second mode
Kelvin waves in the model. At 10°N the longitude-
time diagram shows westward propagation of Rossby
waves in both the Bay of Bengal and the Arabian Sea
(Figure 6a). The phase speed estimated in the Ara-
bian Sea is about —0.17 m s™?, very close to the phase
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Figure 6. Longitude vs. time diagrams for T/P data at
(a) 10°N, (b) 10°S, and (c) 15°S. (Contour interval: 2 cm;
negative SSH deviations are shaded).
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speed of the first baroclinic mode linear waves. At 10°S
(Figure 6b) the westward propagation speed is about
—0.14 m s™!, between the first and second mode linear
waves. At 15°S (Figure 6¢) the phase speed of Rossby
waves is about —0.2 m s™!, considerably faster than the
first baroclinic mode Rossby waves. In the real ocean
the speeds of Kelvin and Rossby waves depend on the
local stratification and flow fields.

During the transition from the northeast monsoon
to the southwest monsoon, wind speed is minimal in
March and April. The latent heat flux in the Bay
of Bengal in these two months is reduced to half its
annual mean level (from the Comprehensive Ocean-
Atmosphere Data Set). The water temperature in the
upper 100 meters increases as much as 2°C from below
the annual mean in March to almost 1°C higher than
the annual mean in April according to the Levitus et al.
[1994] climatology (not shown here). The warming con-
tinues through the northern spring and summer. The
thermal expansion effect in this 100-m water column
can cause the SSH change up to 8 cm in the western
Arabian Sea and in the central and western Bay of Ben-
gal (not shown). By adding this thermal effect to the
model results, the model-T /P correlation in the Bay of
Bengal, the Arabian Sea, and the southwestern Indian
Ocean is highly improved (Figure 6b).

4. Summary

Our analyses of the SSH data from the TOPEX /PO-
SEIDON altimeter and from a 2.5-layer, reduced grav-
ity model indicate that Kelvin and Rossby waves play
dominant roles in the seasonal variation of the sea level
in the tropical and subtropical Indian Ocean. The
similarity between model and observations is particu-
larly remarkable in regions that are strongly affected
by Kelvin waves and radiated/reflected Rossby waves,
such as in the equatorial waveguide and in the regions
off eastern boundaries. Analyses of surface heat flux
and water temperature variation indicate that thermo-
dynamics plays a significant role in the extratropical
southwestern Indian Ocean and in the northern Indian
Ocean during the spring warming period. The results
from a sensitivity test in which equatorial Kelvin waves
are dampened suggest that equatorial remote forcing
contributes significantly to extratropical seasonal vari-
ations, particularly during the southwest monsoon sea-
son and in the southeastern Indian Ocean.
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