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[1] Effects of the seasonal cycles of atmospheric surface forcings on the development and
termination of the Indian Ocean Zonal Dipole Mode (I0ZDM) are studied using a
nonlinear, 4-1/2 layer ocean model partially coupled to an advective atmospheric mixed
layer model in which sea surface temperature (SST) feeds back only to air temperature
and specific humidity. A series of experiments are performed for the period of 1984—1998
to isolate processes. The results indicate the seasonal cycle of atmospheric forcing

aids development and decay of cold SST anomalies (SSTA) in the eastern basin associated
with strong, positive dipole events. During the strong [OZDM years of 1994 and 1997,
seasonal southeasterlies associated with the Asian summer monsoon reinforce coastal
upwelling associated with the [OZDM near Sumatra-Java in boreal summer and fall,
assisting initiation and increasing the peak amplitudes of these events. However, near the
equator, fall equatorial westerlies deepen the thermocline in the eastern basin, reducing
the cold SSTA in the eastern equatorial region and near Sumatra and Java. This contributes
to the early termination of the 1994 IOZDM. In boreal winter the monsoon wind reversal

reduces coastal upwelling along Sumatra and Java, further contributing to I0ZDM
termination. Moreover, the seasonal equatorial westerlies during fall and the monsoon
wind reversal during winter counter southeasterly wind anomalies associated with the
IOZDM in the eastern antinode region, reducing the total wind speed, weakening
entrainment cooling and surface turbulent heat loss and thus further assisting I[0ZDM

termination.
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1. Introduction
1.1. Background

[2] The Indian Ocean Zonal Dipole Mode (I0ZDM), also
referred to as “zonal mode” or “dipole mode,” is a coupled
ocean-atmosphere phenomenon in the tropical Indian Ocean
(I0) that occurs on interannual timescales [e.g., Saji et al.,
1999; Webster et al., 1999; Yu and Rienecker, 1999;
Murtugudde et al., 2000]. It has been directly linked to
severe drought in Indonesia, excessive rainfall and flooding
in Africa, and is hypothesized to be associated with the
Asian-Australian monsoon [Kapala et al., 1994; Saji et al.,
1999; Clark et al., 2000; Ashok et al., 2001; Clark et al.,
2003; Loschnigg et al., 2003]. Positive IOZDM events are
typically associated with cold SST anomalies (SSTA) in the
southeastern tropical basin (10°S—EQ) and warm SSTA in
the western tropics (Figure 1) [Reverdin et al., 1986; Saji
et al., 1999; Webster et al., 1999; Murtugudde et al., 2000].
The situation reverses for negative [OZDM events. [0ZDM
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strength is commonly measured by a dipole mode index
(DMI) defined by Saji et al. [1999] as the difference in
interannual SSTA between the tropical western (50°—70°E,
10°S—10°N) and southeastern 10 (90°-110°E, 10°S—EQ;
see boxed regions in Figure 1c); a “strong event” is defined
to have a DMI exceeding 1 standard deviation.

[3] The onset, peak and termination periods of [0ZDM
events are phase-locked with the seasonal cycle [e.g., Saji
et al., 1999; Webster et al., 1999]. Typically, a strong event
begins concurrently with commencement of the Asian
summer monsoon (Figures la and 1b), peaks during boreal
fall (Figures 1c and 1d), and decays during the Asian winter
monsoon (Figures le and 1f). At the time of onset, strong
southeasterlies associated with the Asian summer monsoon
along the coasts of Sumatra and Java shoal the thermocline
and promote local, seasonal upwelling [Susanto et al., 2001]
(Figure 2a). The upwelling reaches a maximum in Septem-
ber (Figure 2b) when IOZDM events strengthen prior to
their peaks. In the equatorial region, equatorial westerlies
are enhanced during the transition between the summer and
winter monsoons (Figure 3a), deepening the thermocline in
the eastern equatorial basin during fall (Figure 3b). The
deepened thermocline propagates southward along Sumatra-
Java as coastal Kelvin waves [Clarke and Liu, 1993;
Wijffels and Meyers, 2004], acting to reduce the seasonal
upwelling along the coasts [Susanto et al., 2001] (Figures 2¢
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Figure 1. Observed interannual SSTA from Smith and Reynolds [2003] during select months of positive

IOZDM years (left) 1994 and (right) 1997. Panels illustrate summer initiation, fall peak, and winter
termination of these events. SSTA is defined as SST with the monthly mean climatology removed.
Positive SSTA contours are colored; negative ones are shown as line contours of interval 0.5 °C; zero
contours are suppressed. Vectors show observed interannual wind stress anomalies in dyn/cm?® from
Florida State University. Boxed regions in Figure lc show the eastern and western I0OZDM antinode

regions defined by Saji et al. [1999].

and 2d). Note the deep thermocline in the eastern equatorial
basin during both fall and late spring (Figure 3b) is
associated with swift, eastward surface currents (Figure 3c),
known as Wyrtki jets [Wyrtki, 1973], which are primarily
driven by the seasonal winds [Wyrtki, 1973; Jensen, 1993;
Han et al., 1999], although they may consist of a series of
intraseasonal jets [Senan et al., 2003]. During winter, when
I0ZDM events decay, seasonal northwesterly monsoon
winds near Sumatra-Java weaken the southeasterly trades,
deepen the thermocline and cause coastal downwelling
(compare the region just south of Java in Figures 2b and 2d).

[4] The temporal congruity of the seasonal cycle and
I0ZDM evolution indicates that seasonal circulations driven

by the local monsoon winds may provide favorable con-
ditions for, and thus play an important role in, I0OZDM
development and termination in the eastern antinode region.
On the other hand, the strengthening of seasonal equatorial
westerlies during summer—winter monsoon transitions in
boreal fall tends to reduce coastal upwelling along Sumatra-
Java and thus may weaken, or even contribute to the
termination of, an IOZDM event. Hereafter, seasons refer
to those of the northern hemisphere.

[5] A few existing studies have linked IOZDM termina-
tion to the seasonal cycle. Annamalai et al. [2003] sug-
gested that seasonal variation of the southeasterly trade
winds near Sumatra, which are weakened by the winter
monsoon and thus reduce upwelling and evaporation, may
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