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[1] Positive Indian Ocean Dipole (IOD) events generally
tend to be accompanied by intensified summer monsoon
flows and above normal precipitation over the sub-
continent; although strong monsoons have not always
coincided with positive IOD events. Numerical simulation
experiments and supplementary data diagnostics are
performed to understand the IOD sub-surface dynamics in
relation to the monsoon strength. The model experiments
when forced by IOD winds during strong monsoon periods
generated a strong subsurface zonal pressure gradient along
the equator and an eastward equatorial undercurrent (EUC)
leading to supply of cold subsurface waters to the upwelling
regions in the eastern equatorial Indian Ocean. However, the
simulations when forced with IOD winds during weak
monsoon periods were unable to set up the subsurface
pressure gradients and the EUC, thus resulting in weak
SST cooling in the east. These results raise the possibility
that IOD-monsoon interactions during strong monsoon years
might favor intensification of the IOD. Citation: Swapna, P.,
and R. Krishnan (2008), Equatorial undercurrents associated
with Indian Ocean Dipole events during contrasting summer
monsoons, Geophys. Res. Lett., 35, 1L14S04, doi:10.1029/
2008GL033430.

1. Introduction

[2] Advances in our understanding of ocean-atmosphere
interactions in the tropical Indian Ocean (IO) together with
insights gained from the IOD phenomenon have established
the importance of 10 dynamics on the regional climate
variability [e.g., Saji et al., 1999; Webster et al., 1999;
Behera et al., 1999; Murtugudde et al., 2000]. Positive IOD
events often tend to be accompanied by enhanced summer
monsoon precipitation over the Indian subcontinent [Behera
et al., 1999; Ashok et al., 2004], due to increased supply of
moisture from the southeastern tropical Indian Ocean
(SETIO). Thus, while IOD years can induce precipitation
enhancement over India, it is not clear whether the intensi-
fied monsoonal wind anomalies can influence the ocean
dynamics. Understanding this problem is important because
the issue of IOD-monsoon interaction has implications
on regional climate variability [Yamagata et al., 2004,
Annamalai and Murtugudde, 2004].

[3] The studies by Vinayachandran et al. [1999] and
Murtugudde et al. [2000] discussed the role of ocean
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dynamics on IOD evolution and pointed out the importance
of eastward equatorial undercurrents (EUC) in the IO.
Unlike the Pacific and Atlantic Oceans, consistent EUC is
observed during boreal spring in the IO and is highly
transient in nature [Schott and McCreary, 2001]. Current-
meter observations by Reppin et al. [1999] showed the
presence of EUC in the 10 during the summer of 1994 — a
well-known IOD associated with heavy monsoon rainfall
over India [Behera et al., 1999]. The presence of EUC in
the 10 is also reported during the 2006 IOD [Lakshmi et al.,
2007]. Given that IOD events peak during the autumn
months following the boreal summer monsoon, it is not
clear whether the intensification of the monsoon flow can
actually feedback on the ocean dynamics. In other words, it
is not obvious as to whether the strength of the monsoon
circulation can affect the IOD response. In this study, we
examine the EUC and sub-surface pressure gradients of
IOD events between strong and weak monsoons. Section 2
describes the datasets and ocean model. Section 3 presents
analyses of the model simulations and section 4 discusses
the results.

2. Datasets, Ocean Model and Experiments

[4] The data diagnostics include surface winds from
National Center for Environmental Prediction (NCEP)
reanalysis [Kistler et al., 2001], SST from the HadISST1.1
dataset [Rayner et al., 2003], CPC Merged Analysis of
Precipitation (CMAP) dataset [Xie and Arkin, 1997] and
Simple Ocean Data Assimilation (SODA) [Carton et al.,
2000]. Except the CMAP rainfall which is available since
1979, other datasets are for the period (1958—-2006). The
ocean general circulation model used in this study is
based on the model developed at Institute of Numerical
Mathematics (INM), Russia [Alekseev and Zalesny, 1993].
The governing equations are the primitive equations of
motion in spherical sigma co-ordinates, with hydrostatic,
Boussinesq and rigid-lid approximations.

[s] The model domain covers the tropical 10 (22°E
to 142°E; 36°S to 29.5°N) and has a moderate resolution
of (1° x 0.5°) with 33 sigma levels in the vertical. Saji et al.
[2006] compared the INM model with other Intergovern-
mental Panel on Climate Change (IPCC) models and found
better performance of INM for IOD events. The model was
initialized with the temperature and salinity fields from
World Ocean Atlas (WOA2001, http://www.nodc.noaa.
gov/OC5/WODO01) and was integrated for 10 years. The
climatological forcing derived from NCEP reanalysis were
provided during the spin-up period. Temperature and salin-
ity values from WOA2001 are specified at the open bound-
aries at 36°S and 142°E. Following the spin-up, the
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Figure 1. Anomaly composites of surface winds (ms ")
and rainfall (mm day ') for June to September (JJAS)
monsoon season (a) Strong monsoon 10D years (b) Weak
monsoon 10D years. The wind anomalies for the STRMON
composite are based on 8 cases (1961, 1963, 1967, 1977,
1983, 1994, 1997, 2006) and for the WKMON composite
are based on 3 cases (1972, 1982, 1991). Since the CMAP
rainfall data is available from 1979 onward, we have used 4
STRMON cases and 2 WKMON cases for rainfall
composite.

interannual simulations of the model were carried out for
the period 1960—-2006.

3. The IOD Events During Contrasting Monsoon
Years

[6] Using the different datasets, we first compare the IOD
events during the strong and weak monsoon years. Accord-
ing to the India Meteorological Department, excess (deficit)
monsoons are defined when the all-India rainfall during
June—September months is more (less) than 10% of the
long-term climatological normal ~853 mm. The time-series
of the all-India monsoon rainfall anomalies for the period
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(1958-2006) is shown in Figure S1' along with the positive
IOD events. There were eleven positive IOD events in the
past 50 years - during 1961, 1963, 1967, 1972, 1977, 1982,
1983, 1991, 1994, 1997 [Meyers et al., 2007] and 2006.
While Meyers et al. [2007] classify 1991 as a positive-10D,
some studies consider it as an El Nino event rather than a
positive 10D [e.g., Yamagata et al., 2003, 2004]. However,
we have included 1991 in our analysis because it was case
of a weak monsoon and such instances (weak monsoon +
positive IOD) are relatively few. The precipitation was
excess during 1961, 1983 and 1994 and above-normal
during 1963, 1967, 1977, 1997 and 2006. Precipitation
was deficit during 1972 and 1982 and below-normal in
1991.

[7] Anomaly composites of rainfall and surface winds are
shown in Figure 1 for the stronger-than-normal monsoons
(STRMON). The NCEP wind anomalies are based on the
years (1961, 1963, 1967, 1977, 1983, 1994, 1997 and 2006)
and the rainfall anomalies for (1983, 1994, 1997 and 2006)
since the CMAP data is from 1979 onward). The wind
anomalies show strong easterlies extending across the 10
basin between 10°S—5°N with strong southeasterly anoma-
lies off Sumatra-Java. Since the boreal summer climatolog-
ical winds are southeasterly to the south of the equator, the
wind anomalies basically indicate an intensification of
the mean-flow. Strong southwesterly anomalies are seen to
the north of 10°N over the Bay of Bengal and Arabian Sea.
The rainfall anomalies for June—September months show
enhancement of precipitation over the western equatorial 10
and the Indian landmass along the west coast and Bay of
Bengal. A zone of anomalous convergence of winds is
seen over the western equatorial IO around 65°E. In contrast,
the weak monsoon (1972, 1982 and 1991) composite
(WKMON) shows weak easterly anomalies over the equato-
rial IO and weak south-easterlies to the south of equator. The
anomalous easterlies around 10°N over the Arabian Sea
(Figure 1b) indicate a weakened summer monsoon flow.
The monsoon rainfall anomalies over India and the dipole
pattern of precipitation anomalies over the equatorial 1O are
weaker in Figure 1b as compared to Figure 1a.

3.1. Ocean Response

[8] Current meter observations by Reppin et al. [1999]
provided vital evidence for eastward Equatorial Undercur-
rents (EUC) in the equatorial IO during the summer of
1994. In the Pacific and Atlantic Oceans, the EUC is a
quasi-permanent eastward current at the top of the thermo-
cline, driven by the eastward pressure gradient force [Schott
and McCreary, 2001]. In the 1O, the EUCs are transient in
nature. The current-meter observations by Masumoto et al.
[2005] revealed eastward EUC between June—September of
2002, while the EUC was absent during summer of 1993
[Reppin et al., 1999]. Earlier observations showed the EUC
slightly to the south of equator [Leetmaa and Stommel,
1980]; although it was observed at 2°N during 1994.

[s] Longitude-depth sections of zonal current anomalies
from SODA are shown for the STRMON and WKMON
composites in Figures 2a and 2b, respectively. The anoma-
lies are averaged between 2°S—2°N and shown for the

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL033430.
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Figure 2. Longitude-depths sections show composite maps of zonal velocity anomalies (cm s ') for JTJAS from SODA (a
and b) and OGCM (c and d). The solid (dashed) line represents eastward (westward) flow. Left (right) column shows

strong-monsoon IOD (weak monsoon I0D) composites.

June—September (JJAS) season. In the STRMON compos-
ite (Figure 2a), anomalous westward currents are seen from
surface to 100 m depth and anomalous eastward under-
currents near the 100 m depth and below. The westward
anomalies are known to be forced by easterly wind anoma-
lies [Murtugudde et al., 2000; Feng et al., 2001; Rao et al.,
2002]. The maximum eastward EUC anomaly is located
between the 100—150 m depth with an eastward slope. The
meridional structure of zonal velocity shows that the EUC
anomalies extend slightly north of equator in the STRMON
composite (Figure S2). The zonal current anomalies in the
WKMON composite (Figure 2b) show westward anomalies
extending from surface to about 200 m depth. It is also
interesting that the eastward EUCs are not seen in the
WKMON composite.

[10] The OGCM simulated zonal current anomalies for
the STRMON and WKMON composites are shown in
Figures 2¢ and 2d, respectively. The STRMON composite

(a)

exhibits westward anomalies in the near-surface layers with
a maximum speed of 30 cm sec”' and eastward EUC
anomalies below 100 m depth with an eastward slope. In
the WKMON composite, the simulation shows westward
anomalies extending from the surface to 200 m depth
(Figure 2b). We have further confirmed the relation between
the strength of the summer time undercurrents and the
strength of the IOD in the autumn months. Longitude-depth
sections of zonal current and temperature anomalies are
shown both for the summer (JJA) and autumn (SON)
seasons in Figure S3. It can be seen that the peak season
IOD anomalies in the STRMON composite exhibit intensi-
fied EUC anomalies and enhanced zonal temperature gra-
dients as compared to the WKMON composite.

3.2. Mechanism of EUC

[11] The eastward EUCs are primarily driven by east—
west pressure gradients in the equatorial region. Figure 3a

(b)
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Figure 3. (a) Longitudinal variation of the model simulated pressure anomaly (N m~?) averaged between 2°S—2°N at
100 m depth for the JJAS season. The solid (dashed) line represents strong monsoon (weak monsoon) IOD years. (b) Same
as Figure 3a, except for the 20°C isotherm depth (D20, m). The line with symbol represents the D20 (m) for Oct—Nov from
the sensitivity experiment. The positive (negative) values represent deepening (shoaling) of thermocline.
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Figure 4. (a) Composite maps of subsurface temperature anomaly (°C) difference between the strong monsoon IOD and
weak monsoon IOD composite years, averaged between 10°S and equator for JJAS from the model. (b) Sea surface
temperature anomaly (°C) difference between STRMON and WKMON composite years.

shows the zonal variation of pressure anomaly from the
model at 100 m depth, along the equator. It can be seen that
the pressure anomaly in STRMON shows a significant
pressure drop in the east. A maximum pressure drop of
about 1000 N m 2 can be seen around 95°E and an
anomalous pressure rise of about 200 Nm ™2 near 65°E on
the western side. In the WKMON case, the pressure drop in
the east is about 800 Nm > and there is no significant
pressure rise on the western side. Basically, the subsurface
pressure gradient is weak in WKMON and hence cannot
effectively drive the EUC. On the other hand, the STRMON
case is characterized by a strong zonal pressure gradient
along the equator which effectively drives the EUC. The
east—west slope of the zonal pressure gradient is also
consistently reflected in the east—west slope of the 20°C
isotherm depth (D20) which is a proxy for the thermocline
depth (Figure 3b). In the STRMON case (solid line), the
thermocline is significantly deeper in the western 1O and it
shoals in the east. However, the east-west gradient of D20
is much weaker in the WKMON composite (dashed line).

[12] Though intensified summer monsoon winds tend to
enhance the equatorial easterlies during IOD events, not all
strong monsoon years were accompanied by IOD events.
We performed a sensitivity experiment to understand this
problem. The OGCM is forced with wind stress compos-
ited from strong monsoons that were not associated with
I0OD (i.e., 1956, 1959, 1970, 1975 and 1988). This wind-
forcing is applied from January till September and then the
winds are set to climatology. The D20 response from this
experiment (Figure 3b) shows weak east—west gradient of
D20 anomalies. This suggests that persistent easterly wind-
forcing over the equator is essential for the generation of
the subsurface zonal pressure gradient and the EUC. Such a
strong easterly wind-forcing is provided by the combina-
tion of an IOD and an intensified summer monsoon
circulation.

[13] The difference in the temperature response of 10D
events between strong and weak monsoons can be inferred
from Figure 4. The longitude-depth section of the difference
(STRMON minus WKMON) in the temperature anomalies
simulated by the model is shown in Figure 4a. The sub-
surface cooling in the east is enhanced by nearly 2°C during
STRMON as compared to WKMON. The sea surface

temperature anomaly (SSTA) difference between the
STRMON and WKMON composites is shown in
Figure 4b. Notice that the SST cooling in the SETIO is
enhanced in STRMON by more than —0.5°C as compared
to WKMON.

4. Discussion

[14] Several strong positive IOD events in the past were
accompanied by above-normal precipitation over the Indian
landmass. Since the IOD phenomenon evolves through the
boreal summer and attains peak amplitude during autumn,
we examined the potential role of the monsoon flow in
shaping the IO dynamics during IOD events. This study is
based on model simulation experiments and analyses of data
products from multiple-sources. The results suggest that
IOD events during strong monsoons tend to be character-
ized by strong eastward EUC anomalies at sub-surface
depths near 100 m, along with westward anomalies in the
near-surface layers. The intensified EUC anomalies were
found to be driven by equatorial zonal pressure gradients
arising from a pressure drop in the east and a pressure rise in
the west. The enhanced EUCs associated with strong-
monsoon 10D events deliver cold subsurface waters to the
upwelling regions in the eastern IO and thereby maintain the
strong cooling in the region. On the other hand, the I0Ds
during weak monsoon years did not reveal the eastward
EUC anomalies. In the latter case, the equatorial zonal
pressure gradient in the sub-surface was found to be much
weaker. It was noted that the SST cooling in the SETIO for
IOD events is enhanced during strong monsoon years by
more than —0.5°C as compared to IODs during weak-
monsoons. Based on the findings, it is suggested that the
intensity of the summer monsoon circulation is an important
element that can determine the zonal contrast of the ocean
temperature anomalies during 10D events. Further studies
using coupled models will be required to unravel the details
of the ocean-atmosphere feedbacks associated with I0D-
monsoon interactions.
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