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Abstract By analyzing satellite observations and conducting a series of ocean general circulation model
experiments, this study examines the physical processes that determine intraseasonal variability (ISV) of the
equatorial eastern Indian Ocean (EIO) upwelling for the 2001–2011 period. The ISV of EIO upwelling—as
indicated by sea level, thermocline depth, and sea surface temperature (SST)—is predominantly forced by
atmospheric intraseasonal oscillations (ISOs), and shows larger amplitudes during winter-spring season
(November–April) when atmospheric ISOs are stronger than summer-fall (May–October). The chlorophyll
(Chl-a) concentration, another indicator of upwelling, however reveals its largest intraseasonal variability
during May–October, when the mean thermocline is shallow and seasonal upwelling occurs. For both
winter-spring and summer-fall seasons, the ISV of EIO sea level and thermocline depth is dominated by
remote forcing from the equatorial Indian Ocean wind stress, which drives Kelvin waves that propagate
along the equator and subsequently along the Sumatra-Java coasts. Local wind forcing within the EIO plays
a secondary role. The ISV of SST, however, is dominated by upwelling induced by remote equatorial wind
only during summer-fall, with less contribution from surface heat fluxes for this season. During winter-
spring, the ISV of SST results primarily from shortwave radiation and turbulent heat flux induced by wind
speed associated with the ISOs, and local forcing dominates the SST variability. In this season, the mean
thermocline is deep in the warm pool and thus thermocline variability decouples from the ISV of SST. Only
in summer-fall when the mean thermocline is shallow, upwelling has important impact on SST.

1. Introduction

In the equatorial Pacific and Atlantic Oceans, easterly trade winds prevail and upwelling occurs in the east-
ern equatorial cold tongue region. By contrast, in the equatorial Indian Ocean annual mean surface winds
are westerlies, and the warm pool occupies the equatorial Eastern Indian Ocean (EIO) where the mean ther-
mocline is usually deep (Figure 1f). The mean upwelling zone is located at the southwestern basin thermo-
cline ridge region between 128S and 28S, and it is driven by the wind stress curl associated with the
westerlies near the equator and easterly trades south of �108S [McCreary et al., 1993; Murtugudde and Busa-
lacchi, 1999]. Even though the EIO resides in the warm pool, upwelling still occurs in boreal summer-fall sea-
son especially during the Indian Ocean Dipole (IOD) years [Saji et al., 1999; Webster et al., 1999; Murtugudde
et al., 2000]. Upwelling in the EIO alters the warm pool sea surface temperature (SST) and modifies tropical
deep convection, inducing anomalous atmospheric circulation and therefore impacting regional and global
climate [e.g., Sardeshmukh and Hoskins, 1988; Webster and Lukas, 1992; Yu et al., 2002; Wang and Mehta,
2008; Izumo et al., 2010; Kim et al., 2012]. In this paper, seasons refer to those of the northern hemisphere.

On seasonal timescales, the strong, local southeast monsoon winds cause upwelling in the EIO from June to
October, shoaling the thermocline (represented by D20—the depth of 208C isotherm), lowering sea surface
height (SSH), cooling SST, and increasing chlorophyll (Chl-a) concentration [e.g., Susanto et al., 2001]. Mean-
while, the remote equatorial zonal winds in the interior Indian Ocean exhibit strong semiannual variability
[e.g., Wyrtki, 1973], shoaling D20 during January–March and July–September when equatorial easterly winds
prevail. The shallow D20 signals propagate into the EIO via equatorial Kelvin waves, intensifying the sea-
sonal upwelling and cold SST anomalies (SSTA) induced by the local monsoon during summer-fall season
(May–October; Chen et al. Interannual variability of Eastern Indian Ocean upwelling: Local versus remote
forcing, submitted to Journal of Physical Oceanography, 2016) During winter-spring (November–April),
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however, the EIO SSTAs may decouple from D20 anomalies (D20A) because of the deep thermocline there.
This situation differs markedly from the cold tongue upwelling over the eastern equatorial Pacific and Atlan-
tic, where D20As have good agreements with SSTAs [e.g., Zelle et al., 2004]. Because of its uniqueness, the
EIO upwelling has been identified as one of the research priorities by the CLIVAR Indian Ocean Panel of the
World Climate Research Program, and the EIO upwelling research initiative has been proposed to under-
stand the EIO upwelling dynamics and ecosystem impacts (see CLIVAR/IOC-GOOS Indian Ocean Region
Panel Achievements and Future Plans at http://www.clivar.org/clivar-panels/indian).

On interannual timescales, the EIO upwelling is related to the IOD and El Ni~no and the Southern Oscillation
(ENSO) events [Saji et al., 1999; Webster et al., 1999; Murtugudde et al., 2000]. By separately suppressing inter-
annual wind forcing east and west of 908E, Murtugudde et al. [2000] concluded that the SSTA off Sumatra
for the 1997–1998 IOD event was forced roughly equally by local alongshore winds and remote equatorial
winds. Chen et al. (submitted manuscript, 2016) quantified the remote versus local forcing in causing

Figure 1. The STD maps of intraseasonal (30–105 day band-pass filtered) (a) SSHA from AVISO, (b) SSHA from HYCOM MR, (c) SSTA from TMISST, and (d) SSTA from HYCOM MR. The black
box shows the study region (SR) of the EIO that covers the (958E–1148E, 108S–08N), which is approximately the eastern antinode region of the IOD (908E–1108E, 108S–08N). (e) Correlation
map between intraseasonal SSTA and D20A from 2001 to 2011. The regions between SR and dashed-black lines mark the transition regions of HYCOM experiment runs, where the real
forcing gradually changes to no ISO forcing in the SR. The red line is used to show propagation of Kelvin waves along the equator (from 958E at location A) and along the coasts of Suma-
tra and Java, with letters A–D showing the start, turn and end positions. (f) Distribution of the climatological D20 averaged for 2001–2011.
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interannual variability of the EIO upwelling from 2001 to 2011 and elucidated the associated processes.
They found that interannual variability of D20 in the EIO, as the primary indicator of upwelling, is dominated
by remote forcing from the equatorial winds, whereas interannual variability of SST results mainly from local
forcing, with different processes dominating the SSTA during summer-fall and winter-spring seasons.

In addition to seasonal-to-interannual variability, winds and other surface forcing fields over the tropical
Indian Ocean present large amplitude intraseasonal variability (ISV), which is associated with atmospheric
intraseasonal oscillations (ISOs) with the dominant mode being the Madden-Julian Oscillation (MJO) [e.g.,
Madden and Julian, 1971; Hendon and Glick, 1997; Webster et al., 2002]. Extensive observational and model-
ing studies are conducted for understanding the response of equatorial Indian Ocean (e.g., current, SSH,
SST, and D20) to atmospheric intraseasonal forcing [e.g., McPhaden, 1982; Shinoda and Hendon, 1998; Shi-
noda et al., 1998; Reppin et al., 1999; Han et al., 2001, 2004, 2007; Sengupta et al., 2001; Schouten et al., 2002;
Schiller and Godfrey, 2003; Senan et al., 2003; Waliser et al., 2003, 2004; Han, 2005; McPhaden and Foltz, 2013;
see Schott et al., 2009 for a review and references therein]. Intraseasonal equatorial Kelvin waves driven by
winds associated with the MJO can propagate into the Indonesian Seas [Qiu et al., 1999; Iskandar et al.,
2005, 2006], affecting ISV of sea level in different seasons along Sumatra and Java coasts [Iskandar et al.,
2005] and the Indonesian Throughflow at the straits of Lombok, Ombai, and Timor [Schiller et al., 2010] and
at the Makassar Strait [Pujiana et al., 2013].

While ISV of the equatorial Indian Ocean has been extensively studied, and intraseasonal equatorial Kelvin
waves have been shown to affect the Indonesian Seas, a comprehensive study that focuses on investigating
the ISV of EIO upwelling system has not yet been reported. Particularly, the relative importance of remote
and local forcing on the EIO upwelling at intraseasonal timescales has not been quantified, even though
the influence of remote and local forcing on ISV of the Indonesian seas has been verified [e.g., Qiu et al.,
1999; Iskandar et al., 2005; Schiller et al., 2010]. In this paper, we investigate the physical processes that
determine ISV of the EIO upwelling, which can be represented by various upper ocean fields, and quantify
the influences of remote forcing from the equator and local forcing within the EIO. Specifically, we examine
how the remote and local forcing affect ISV of the EIO SSH, D20 and SST during summer-fall upwelling sea-
son, and assess the relative importance of surface shortwave radiation (SWR), surface turbulent heat fluxes,
and oceanic processes (dynamics and mixed layer physics) in causing intraseasonal SSTA. As a comparison,
ISV of the EIO during winter-spring season will also be examined. Our period of interest is 2001–2011, when
high-quality satellite observations are available for forcing the ocean model.

The rest of the paper is organized as follows. Section 2 describes data, model, and experiments. Section 3
verifies the model performance, and investigates processes controlling the EIO upwelling on intraseasonal
timescales. Section 4 provides a summary and discussion. Results from this study will advance our under-
standing of ISV of oceanic biological productivity and its seasonality in the EIO upwelling system, and bene-
fit our understanding of air-sea interaction processes associated with the MJO [Webber et al. 2012] given
that intraseasonal SSTA can affect atmospheric deep convection in the warm pool region.

2. Data, Ocean Model, and Experiments

2.1. Data
The Tropical Rainfall Measuring Mission Microwave Imager SST (TMISST) products are available since
December 1997 with a horizontal resolution of 0.258 3 0.258 [Wentz et al. 2000]. In this study, the daily SST
data from 1 January 2001 to 29 November 2011 are used to analyze ISV of SST. The daily 0.258 3 0.258 SSH
product distributed by the Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO)
[Le Traon et al. 1998; Ducet et al. 2000] for 2001–2011 are used to understand ISV of SSH.

To understand the Chl-a variations, 8 day composite surface Chl-a concentrations during 2003–2011 derived
from the moderate resolution imaging spectroradiometer (MODIS) sensor on NASA’s Aqua satellite [Justice
et al. 1998] are investigated, together with 8 day composite Sea-viewing Wide Field-of-view Sensor (Sea-
WiFS) Chl-a concentrations during 2001–2002 from the NASA/Goddard Earth Sciences (GES)/Distributed
Active Archive Center (DAAC) [Aiken et al., 1995]. The MODIS and SeaWiFS are mapped to spatial resolutions
of nearly 5 and 9 km, respectively. Daily satellite-observed outgoing longwave radiation (OLR) from the
National Oceanic and Atmospheric Administration [Liebmann and Smith 1996] and daily cross-calibrated

Journal of Geophysical Research: Oceans 10.1002/2015JC011223

CHEN ET AL. UPWELLING IN THE EASTERN INDIAN OCEAN 7600



multiplatform (CCMP) satellite ocean surface wind vec-
tors [Atlas et al., 2008] are used to investigate tropical
deep convection and surface wind associated with
atmospheric ISOs from 2001 to 2011.

2.2. Ocean Model and Experiments
The ocean general circulation model used in this study is
the HYbrid Coordinate Ocean Model (HYCOM) version
2.2.18, which is configured to the Indian Ocean basin
(308E–122.58E, 508S–308N) with a horizontal resolution of

0.25830.258 and 26 vertical layers [Li et al., 2014, 2015]. The surface forcing fields include daily 10 m CCMP
wind speed and wind stress, 2 m air temperature, and humidity [Dee et al., 2011] from the European Center
for Medium range Weather Forecasting (ECMWF), surface net SWR and longwave radiation (LWR) from Clouds
and the Earth’s Radiant Energy System (CERES) [Wielicki et al. 1996], and precipitation from Tropical Rainfall
Measuring Mission [Kummerow et al., 1998]. The surface turbulent heat fluxes (surface latent and sensible heat
fluxes) are calculated with the HYCOM simulated SST, together with observed surface wind speed, air temper-
ature, and specific humidity. To focus on examining the effects of forcing over the Indian Ocean, active Indo-
nesian Throughflow is excluded from HYCOM experiments by relaxing the model temperature and salinity to
their climatological fields. Further details about the model configuration and forcing fields can be found in Li
et al. [2014]. This version of HYCOM has been successfully utilized to understand SST variability induced by
MJOs [e.g., Li et al., 2013, 2014], ISV of sea surface salinity [Li et al., 2015], and equatorial wave dynamics over
the tropical Indian Ocean [Chen et al., 2015].

The model is spun up from a state of rest for 30 years using monthly climatological forcing fields. Restarting
from the already spun-up solution, HYCOM is integrated forward from 1 March 2000 to 30 November 2011
with the daily forcing fields described above. This experiment is referred to as HYCOM Main Run (MR). Sev-
eral parallel experiments are performed with daily atmospheric forcing to isolate effects of different proc-
essers (Table 1). To entirely exclude the ISO-related atmospheric variability, all of the atmospheric forcing
fields are lowpass filtered with a 105 day Lanczos digital filter [Duchon, 1979] in experiment NoISO. The dif-
ference, MR 2 NoISO, hence measures the overall impact of ISO-related atmospheric forcing on the ocean.
The effects of forcing from SWR, wind speed, and wind stress are isolated by performing experiments
NoSWR, NoWIND, and NoSTRESS, respectively. In experiment NoSWR, the 105 day lowpass filtered SWR is
used. Other forcing fields are the same as those in the MR. The difference, MR 2 NoSWR, thus isolates the
effect of intraseasonal SWR. In experiment NoWIND, both surface wind speed and wind stress fields are low-
pass filtered, and in experiment NoSTRESS only wind stress is lowpass filtered. While surface wind speed
affects the ocean through changing turbulent heat fluxes, wind stress affects ocean dynamics (e.g., upwell-
ing due to both remote and local forcing, horizontal advection by currents) and mixed layer process (e.g.,
entrainment cooling). The difference, NoSTRESS 2 NoWIND, measures the effect of wind speed induced tur-
bulent heat fluxes, and MR 2 NoSTRESS quantifies the effect of wind stress induced ocean dynamics and
entrainment.

While the EIO region in HYCOM experiments is defined as 908E–1208E, and 158S–58N (Figure 1e, dashed-
black line enclosed area), a subarea is defined as our Study Region (SR; 958E–1148E, 108S–08N; Figure 1,
solid-black line enclosed area) to quantify the upwelling in the EIO. The SR is very similar to the eastern
anti-node region of the IOD (908E–1108E, 108S–08N) defined by Saji et al. [1999], and it is chosen to cover
the prominent negative SSTA and high Chl-a concentration regions in the fall of 2006, when the strong-
est EIO upwelling event for the 2001–2011 period occurs (Chen et al., submitted manuscript, 2016,
Figure 2).

To assess the relative importance of local versus remote forcing on the EIO upwelling, an additional experi-
ment, named as NoLOCAL, is performed, in which all of the atmospheric forcing fields in the SR are 105 day
lowpass filtered. The areas between SR and dashed-black lines in Figure 1e mark the transition regions of
experiment NoLOCAL, where the realistic daily forcing fields gradually change to no ISV forcing (105 day
lowpassed fields) in the SR. The difference, MR 2 NoLOCAL, thus isolates the ISO-related local forcing effect,
and NoLOCAL measures the remote forcing effect associated with atmospheric ISOs.

Table 1. Summary of HYCOM Experimentsa

Experiment Description

NoISO Remove all ISO effects
NoLOCAL Remove all ISO effects in SR
NoSWR Remove ISO SWR
NoWIND Remove ISO wind speed/stress SWR
NoSTRESS Remove ISO wind stress

aISO signals in forcing fields are removed with a 105
day lowpass Lanczos filter.
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We focus on analyzing the 3 day averaged model outputs from 2001 to 2011, and the model simulation
of 2000 is not used to minimize the transient effect when HYCOM switches its forcing fields from monthly
climatology in the spin-up run to realistic daily forcing. In our result analyses, unless specified otherwise
all observational and model data are band-pass filtered with a 30–105 day Lanczos digital filter to obtain
their intraseasonal components. We also examined the sensitivity of the filtered results to the selection of
different cutoff periods of 30–90 days, 30–100 days, and 30–105 days, and obtained similar results (see
supporting information Figure S1). Given that ocean response to intraseasonal wind forcing has larger
amplitude at lower frequency and obtains a peak response near the 90 day period [Han et al., 2001;
Schouten et al., 2002; Han, 2005], we choose the 30–105 day periods to fully contain the oceanic intrasea-
sonal signals.

3. Results

3.1. Model/Data Comparison
The performance of HYCOM in the MR has been validated in several recent researches. The HYCOM-
simulated mean structures of SST, sea surface salinity (SSS), mixed layer depth (MLD), thermocline depth,
and surface circulation over the tropical Indian Ocean agree reasonably well with satellite and in situ

Figure 2. Intraseasonal variability (ISV; 30–105 day band-pass filtered field) averaged in the SR for (a) SSHAs from AVISO (red line) and from HYCOM MR (blue line), and D20A from
HYCOM MR (black line); (b) SSTAs from TMISST (black line) and from HYCOM MR (red line). (c) Intraseasonal zonal wind stress, sx, averaged in the equatorial Indian Ocean (708E–1008E,
158S–158N). The gray shadings denote the winter-spring season of November–April during 2001–2011.
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observations [Li et al., 2014, 2015]. The simulated zonal currents along the equator also compare favorably
with those from mooring observations and from ocean reanalysis data [Chen et al. 2015]. In addition, the
simulated interannual D20A, SSTA, and SSH anomaly (SSHA) in the EIO agree well with satellite observations
and reanalysis data (Chen et al., submitted manuscript, 2016). Here, we only examine the simulated SSHA,
D20A, and SSTA on intraseasonal timescales.

The standard deviation (STD) maps of intraseasonal SSHA and SSTA from HYCOM MR in the central and
eastern Indian Ocean compare favorably with that observed from AVISO and TMISST (Figure 1). The large-
scale patterns and magnitudes of the observed/modeled SSHA agree, albeit with some minor differences
(Figures 1a and 1b). Compared with intraseasonal SSTA from TMISST, the intraseasonal SSTA from HYCOM
MR is weaker in most regions (Figures 1c and 1d). The STD patterns of observed/simulated SSTAs, however,
agree well. The overall larger amplitudes of the observed SSTA from TMISST data likely result from the dif-
ference between TMI skin temperature and HYCOM bulk temperature of the top model layer (�2.6 m in
thickness). The skin temperature is more sensitive to surface forcing and therefore obtaining larger variabili-
ty amplitudes.

To further verify the HYCOM performance in simulating the large-scale ocean ISV in the EIO, we compare
the modeled intraseasonal SSHA and SSTA with satellite observations in the SR. The simulated intraseasonal
SSHA averaged in the SR shows remarkable agreement with AVISO data, with a correlation coefficient being
0.89 (above the 95% significance level) from 2001 to 2011 (Figure 2a). The STDs of observed and simulated
SSHA are 2.4 and 2.5 cm, which also agree well. The intraseasonal D20A from HYCOM MR averaged in the
SR is highly correlated with the SSHA from HYCOM MR and AVISO satellite observation. The correlation coef-
ficient is 0.96 between MR D20A and MR SSHA, and 0.89 between MR D20A and AVISO SSHA. Such tight
relationship between D20A and SSHA suggests that the dynamical responses of the EIO to ISO atmospheric
forcing exhibits a baroclinic structure, with upwelling being associated with an elevated thermocline and
lowered sea level. Consistent with Figures 1c and 1d, HYCOM simulated intraseasonal SSTA in the SR has a
general agreement with the TMI observed SSTA (Figure 2b), with a correlation coefficient of 0.75 during
2001–2011. As discussed above, the amplitudes of HYCOM SSTAs are systematically weaker than those of
TMI SSTAs, due to the difference between TMI skin temperature and HYCOM bulk temperature. The good
model/data agreements shown above suggest that HYCOM is able to simulate the observed ISV in the
upper Indian Ocean, and therefore can be used to understand the processes that control the EIO upwelling
on intraseasonal timescales.

3.2. Intraseasonal Variability of the EIO Upwelling: Forcing by Atmospheric ISOs
As discussed earlier, the EIO upwelling primarily occurs in summer-fall season during May–October, and can
be identified by shallow D20 (Figure 3b, dashed curve), low SSH, low SST (Figure 3a, dashed curve), and
high Chl-a concentration (Figure 3c, dashed curve). Since large-scale SSHA on intraseasonal timescale gen-
erally mirrors D20A (Figure 2a), here we omit SSHA and only show D20A. Evidently, the EIO upwelling—as
indicated by D20A and SSTA—exhibits significant ISV, with a STD value of 5.2 m for D20A and 0.118C for
SSTA during summer-fall for 2001–2011 (Figures 3b and 3a). Larger ISV amplitudes, however, often occur in
the winter-spring season from November–April (Figures 3a and 3b, solid curves in gray shading areas),
when the EIO shows weaker seasonal shoaling of D20 without seasonal SST cooling (Figures 3a and 3b,
dashed curves). The STDs of intraseasonal D20A and SSTA are 5.5 m and 0.178C during winter-spring, which
are approximately 60% and 30% of the STDs of their climatological mean seasonal cycles of 9.1 m and
0.578C for the 2001–2011 period (supporting information Figure S2) and are larger than their magnitudes
during summer-fall.

The ISV of D20 averaged in the SR from HYCOM MR agrees very well with that from MR 2 NoISO, which iso-
lates atmospheric ISO forcing, with STDs being 5.3 m in the MR and 4.8 m in MR 2 NoISO, and correlation
coefficient between the MR and MR 2 NoISO D20A being 0.96 above 95% significance (Figure 3b). Similarly,
intraseasonal SSTAs averaged in the SR from the MR and MR 2 NoISO also agree well (Figure 3a), with their
correlation coefficient being 0.91 above 95% significance and their STDs being 0.148C and 0.138C. These
results demonstrate that the ISVs of D20 and SST in the EIO are predominantly caused by atmospheric ISO
forcing rather than induced by the oceanic internal instabilities. Because atmospheric ISOs—particularly the
dominant mode MJOs—are stronger during November–April in the equatorial Indian Ocean than during
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May–October (Figure 2c) [see Zhang, 2005 for a review], they force larger amplitude ISVs of D20, SSH, and
SST in the upper ocean during winter season.

Interestingly, even though intraseasonal D20A and SSTA over the EIO generally obtain larger amplitudes
during winter-spring, anomalies of Chl-a concentration have apparently larger amplitudes during the
summer-fall upwelling season (Figures 3c and 3d, solid black line), with a STD of 0.05 mg m23 during May–
October of 2001–2011, which is �46% of its climatological mean seasonal cycle (STD 5 0.11 mg m23). The
intraseasonal Chl-a anomalies show negative correlations with intraseasonal SSTA and D20A when all sea-
sons are considered, with correlation coefficients being 20.34 and 20.33, respectively. When only the
summer-fall season is considered, the cross correlation coefficient between Chl-a and SSTA increases to
20.55, and that between Chl-a and D20A increases to 20.51. High Chl-a corresponds to low SSTA and

Figure 3. (a) Time series of intraseasonal SSTA averaged in the SR from the MR (black line) and from the solution difference, MR-NoISO (red line) for 2001–2011; (b) Same as (a) but for
D20A; (c) Intraseasonal SSTA from the MR (red line) and ISV of satellite observed Chl-a concentration (black line) averaged in the SR; (d) Same as (c) but for MR D20A and observed Chl-a.
Monthly modeled SST, D20, and observed Chl-a averaged in the SR are also shown by dashed-black curves in Figures 3a–c, respectively. Intraseasonal variability of Chl-a and monthly
Chl-a in Figure 3c range from 20.16 to 0.16 mg m23 and 0–0.80 mg m23, and they are labeled on the right.
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shallow D20A associated with intensified upwelling, and low Chl-a corresponds to high SSTA and deep
D20A associated with reduced upwelling. These situations are particularly clear during 2003, 2006, 2008,
and 2011 (Figures 3c and 3d), when D20 is anomalously shallow and SST is anomalously cold on interannual
timescales (Figures 3b and 3a, dashed curves). Although intraseasonal D20A and SSTA have larger ampli-
tudes during winter-spring, they have no statistically significant correlation with Chl-a anomalies (20.09
and 20.12) for this season. For some years (e.g., 2002 and 2003), however, significant intraseasonal Chl-a
blooms occur even during winter-spring, with Chl-a anomalies exceeding 0.05 mg m23.

Note that intraseasonal D20A is not significantly correlated with intraseasonal SSTA in the EIO when all sea-
sons are included, with a correlation coefficient of only 20.17 for the SR during 2001–2011. The correlation
map between SSTA and D20A, however, shows that larger correlation coefficients of �0.3 (Figure 1e) can
occur in areas of the EIO where the mean thermocline is relatively shallow (Figure 1f). As shown in support-
ing information Figure S2, the climatological mean D20 averaged in the SR is shallower during summer-fall
with the minimum value of 103 m occurring in September, but it is deeper in winter-spring with a minimum
depth of 115 m. The intraseasonal SSTA/D20A correlation reaches the maximum of 0.48 in summer-fall
when D20A leads by 8 days, and the maximum of 20.51 in winter-spring when SSTA leads by 3 days. These
results suggest that D20A affects SSTA during summer-fall upwelling season, but has little contribution to
SSTA in winter-spring (see section 3.4 for details).

The obvious seasonality of ISV between summer-fall and winter-spring is related to the different mean ther-
mocline depth over the EIO. Since the EIO SR is located within the Indian Ocean side of the Indo-Pacific
warm pool, the mean thermocline is generally deep especially during winter-spring (supporting information
Figure S2). Thus, even if the thermocline shoals significantly in winter-spring on intraseasonal timescales, it
is often not strong enough to efficiently affect SST and Chl-a. By contrast, during summer-fall, the thermo-
cline is shallower and intraseasonal perturbations in D20 can more effectively affect SST and Chl-a. Kawa-
miya and Oschlies [2001] and Iskandar et al. [2010] also showed that low SST and shallow D20 are not
always associated with high surface Chl-a concentration, and concluded that the enhancement of surface
Chl-a occurs only if the deep chlorophyll maximum gets into contact with the surface mixed layer.

3.3. Remote Versus Local Forcing
Lagged correlation analyses between intraseasonal wind stress anomaly at each grid and intraseasonal
D20A averaged in the SR demonstrate that ISV of D20 in the EIO is affected by both local and remote wind
stress not only in summer-fall (Figures 4a and 4b), but also in winter-spring (Figures 5a and 5b). The higher
positive correlation coefficients with zonal wind stress in the equatorial ocean, together with the apparent
eastward propagation of the correlation maxima (Figures 4a and 5a), suggest that remote forcing by zonal
wind in the equatorial Indian Ocean is an important factor that causes intraseasonal D20A in the EIO. Intra-
seasonal easterly (westerly) wind anomalies along the equator act to shoal (deepen) D20, and the anoma-
lous D20 signals propagate eastward as equatorial Kelvin waves, enhancing (weakening) the EIO seasonal-
to-interannual upwelling. The lagged correlation, especially when zonal wind stress leads D20A by 15 days
and 10 days (Figures 4a and 5a), is due to the propagation time of equatorial Kelvin waves from the equato-
rial Indian Ocean to the SR region. The southerly winds near the coasts of Sumatra and Java have negative
correlations with D20A (Figures 4b and 5b), suggesting the importance of local meridional winds in causing
EIO upwelling. Evidently, remote influence of winds on D20A results primarily from zonal wind component
along the equator, with meridional wind effects being largely local to the EIO upwelling region.

Similarly, intraseasonal SSTA averaged in the SR during summer-fall is also positively (negatively) correlated
with zonal (meridional) wind stress in the eastern equatorial Indian Ocean (local to the EIO), with lower cor-
relation coefficients in comparison to those of D20A (Figures 4c and 4d). The zonal wind stress that affects
the EIO SSTA, however, appears to be more confined to the eastern equatorial basin comparing to the zonal
wind that remotely affects EIO D20A (compare Figures 4a and 4c). This is because the intraseasonal SSTA is
dominated by upwelling during summer-fall (see section 3.4). Since it takes the D20A another week to affect
SSTA (section 3.4), the correlation pattern between sx and SSTA extends further west when wind leads by
25 days (225 d; figure not shown). By contrast, during winter-spring intraseasonal SSTA averaged in the SR
is negatively correlated with local zonal wind stress (Figure 5c) and positively correlated with local meridio-
nal wind stress (Figure 5d). These results suggest that wind stress is not the main cause for the EIO intrasea-
sonal SSTA during this season, because easterly (southerly) wind stress is upwelling favorable and thus
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should be positively (negatively) correlated with the SSTA. Comparing to D20A, intraseasonal SSTA in the
EIO is less associated with remote forcing from the equator.

In addition to surface wind stress, we also examined the correlations between surface wind stress curl and
wind speed anomalies with D20A and SSTA (supporting information Figures S3 and S4). During summer-
fall, the EIO D20A is significantly correlated with wind stress curl anomaly near the Sumatra and Java coasts
with correlation coefficients being larger than 0.4, and to a lesser degree, SSTA is also positively correlated
with wind stress curl anomaly during this season (supporting information Figures S3a and S3b). These
results indicate that anomalous negative (positive) wind stress curl, which corresponds to positive (nega-
tive) Ekman Pumping velocity south of the equator, contributes to the coastal upwelling anomaly, because
negative (positive) wind stress curl anomaly is divergence and upwelling (convergence and downwelling)
favorable, and thus should be positively correlated D20A and SSTA. On the other hand, during winter-
spring the EIO SSTA is correlated negatively with wind stress curl anomaly near the Sumatra and Java
coasts, with correlation coefficient magnitudes being larger than 0.4. This result indicates that the local
wind stress curl anomaly acts to damp the intraseasonal SSTA induced by other processes. For example,
positive (negative) wind speed anomaly increases (decreases) surface turbulent heat flux loss and thus cools
(warms) the SST. Indeed, negative correlations between the SR SSTA and local wind speed anomaly are
found during winter-spring, demonstrating that surface turbulent heat flux induced by local wind speed
plays an important role in the EIO SSTA variations during winter-spring but not during summer-fall (support-
ing information Figure S4).

Figure 4. (a) Correlation coefficients between intraseasonal zonal wind stress (sx) at each grid point and intraseasonal D20A averaged in the SR from the MR in summer-fall (May–Octo-
ber) when sx leads D20A by 20, 15, 10, 5, and 0 days. Only grid points with confidence levels above 95% are plotted. (b) Same as Figure 4a but for meridional wind stress (sy) and D20A.
(c) Same as Figure 4a but for sx and SSTA. (d) Same as Figure 4a but for sy and SSTA.
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To confirm the above empirical analysis and quantify the remote versus local wind forcing effects, we
obtain the time series of intraseasonal D20A in the SR from the MR and NoLOCAL experiments (Figure 6a).
The correlation coefficient between D20A from the MR and from experiment NoLOCAL (MR 2 NoLOCAL) is
0.95 (0.67). The STD of D20A during 2001–2011 is 5.3 m in MR, 4.3 m in NoLOCAL (remote forcing effect),
and 1.8 m in MR 2 NoLOCAL (local forcing effect), with the STD of remotely forced D20A being 81% of the
total D20A (STD(NoLOCAL)/STD(MR) 5 0.81) and that of locally forced D20A being 34% of the total D20A
(STD(MR2 NoLOCAL)/STD(MR) 5 0.34). Note that the contributions of local and remote forcing to the MR
STD do not add up to 1, because of the nonlinearity of STD calculation formula. Remote forcing by equato-
rial winds dominates the MR D20A in the EIO during most of the time, and local wind forcing in the EIO is
less important. For some years, however, local forcing is as important as remote effect particularly during
winter-spring due to the stronger intraseasonal wind stress induced by the MJO (see section 3.4).

Comparing to D20A, SSTA off the Sumatra and Java coasts results predominantly from local forcing (Figure
6b). The STD of SSTA is 0.148C for the MR, 0.088C for NoLOCAL, and 0.128C for MR2 NoLOCAL during 2001–
2011, and correlation coefficient between MR and NoLOCAL (MR2 NoLOCAL) SSTA is 0.49 (0.85). The intra-
seasonal SSTA is essentially controlled by local forcing in winter-spring, but is also contributed by remote
forcing in summer-fall especially for 2003, 2006, 2008, and 2011 (Figure 6b) when the mean thermocline is
shallow (Figure 3b, dashed curve). As mentioned earlier, during the summer-fall season of the 4 years, high
(low) Chl-a concentration corresponds to shallow (deep) D20A and cold (warm) SSTA (Figure 3). This is
because remote forcing from the equator affects D20A and thus SSTA and Chl-a.

To further support the above arguments, we examine the time-longitude plots of intraseasonal anomaly of
surface wind stress, intraseasonal D20A and SSTA along the equator (from 508E to location B of Figure 1e,

Figure 5. Same as Figure 4 but for winter-spring (November–April).
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which is at 98.58E) and along the coasts of Sumatra and Java (Figure 1e, from locations B to D, the red line)
from HYCOM MR (the complete solution), experiment NoLOCAL that measures remote forcing effect, and
their difference MR-NoLOCAL that estimates the local forcing effect (Figure 7). Due to the similar contribu-
tion features about remote and local forcing to the EIO upwelling from 2001 to 2011, we only show the
results of 2001–2002 below to further reveal the remotely forced wave process versus local contribution.
Evidently, intraseasonal D20A along the EIO coasts (from B to D) is dominated by remote forcing from the
equator (compare Figures 7b–7d), with D20A generated by equatorial winds (Figure 7a) propagating east-
ward along the equator and then southeastward along the Sumatra-Java coasts (Figure 7b). The intraseaso-
nal D20A in experiment NoLOCAL presents similar magnitude and propagation features to that in HYCOM
MR, suggesting that remotely forced Kelvin waves are the major cause for the intraseasonal D20A in the EIO
(compare Figures 7b and 7c). Local forcing however can also have significant contributions during some
years, such as during the winter-spring season of 2002 (Figure 7d). In comparison to intraseasonal D20A,
the propagation of intraseasonal SSTA is less apparent (Figure 7e), and SSTA off Sumatra and Java coasts
results predominantly from local forcing (Figures 7e–7g).

3.4. EIO Intraseasonal SSTA: Controlling Processes
In the tropical Indian Ocean, ISOs induce intraseasonal SST variability mainly through SWR, surface turbulent
heat fluxes associated with wind speed variation, and wind stress-driven oceanic processes [e.g., Shinoda
and Hendon 1998; Waliser et al., 2003, 2004; Saji et al. 2006; Han et al., 2007; Vinayachandran and Saji, 2008;
Jayakumar et al., 2011; Vinayachandran et al., 2012; McPhaden and Foltz, 2013; Li et al., 2014]. The relative
importance of the three however shows large spatial and temporal variations. To assess the effects of differ-
ent processes on SSTA in the equatorial EIO, we analyze intraseasonal SSTA induced by SWR (MR 2 NoSWR),
turbulent heat flux associated with wind speed variation (NoSTRESS 2 NoWIND), and wind stress driven oce-
anic processes (MR 2 NoSTRESS) (Figure 8). The STDs of the three forcing factors have comparable magni-
tudes of 0.088C, 0.078C, and 0.068C, and their correlation coefficients with the MR SSTA are 0.69, 0.67, and
0.48, respectively, when all seasons are considered. Overall, SWR plays a slightly larger role than turbulent
heat fluxes induced by wind speed and oceanic processes (e.g., upwelling, horizontal advection, and
entrainment) induced by intraseasonal wind stress, with the contribution from the oceanic processes being
the weakest, even though its effect is still comparable with the other two.

Figure 6. (a) Intraseasonal D20A averaged in the SR from solution MR (black line), experiment NoLOCAL (red line), and MR 2 NoLOCAL (blue line). (b) Same as Figure 6a but for SSTA.
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When only the winter-spring is considered, SWR becomes more important. The STD of SSTA in winter-
spring induced by SWR is 0.108C compared to 0.178C in the MR, which is �59% of the MR STD, comparing
to the 0.098C (�53%) induced by wind speed and 0.068C (�35%) induced by wind stress. The correlation
coefficient between SSTA in the MR and SSTA induced by SWR is 0.88, which is larger than the 0.78 due to
wind speed and 0.39 due to wind stress. During summer-fall, however, SWR contributes much less to intra-
seasonal SSTA in the equatorial EIO, and wind stress is the largest contributor to the SSTA. The STD of SSTA
in the MR is 0.118C, and that from the effects of SWR, wind speed and wind stress are 0.058C, 0.058C, 0.078C,
which are �45%, �45%, and �64% of the MR STD, respectively. The correlation coefficients between the
MR SSTA and that forced by SWR, wind speed, and wind stress are respectively 0.10, 0.38, and 0.63.

To further illustrate the processes that control intraseasonal SSTA in the equatorial EIO, we perform compos-
ite analyses for cold and warm intraseasonal SSTA events during summer-fall and winter-spring seasons.
The 61.5 STD of SSTA from the MR for the 2001–2011 period is 60.218C, which is used to identify warm
and cold SSTA events. Based on these criteria, we identify 5 summer-fall and 13 winter-spring cold SSTA
events, and 4 summer-fall and 12 winter-spring warm events (Figure 8a) for our composite analyses (Fig-
ure 9). The days with SSTA minima (maxima) are taken as day 0. Then, SSTA composites for 20 days before
(day 220) and 20 days after (day 120) day 0 are obtained.

Wind stress dominates the SSTA of the cold events during summer-fall, with SWR and turbulent heat flux
associated with wind speed contributing significantly less (Figure 9a). During the peak of the cold SSTA,
D20A shoals (negative; Figure 9b), Chl-a blooms (Figure 9d), with both D20A and Chl-a peaks leading the

Figure 7. (a) Time longitude plot of intraseasonal (30–105 day band-pass filtered) zonal wind stress along the equator and wind stress component along the red line (from B-to-D) shown
in Figure 1e; Values between 508E and B represent zonal wind stress along the equator with positive eastward, and those from B to D represent wind stress along the coasts with positive
southeastward; the longitude of locations A, B, C, and D are 958E, 98.58E, 1058E, and 1148E, respectively; (b)–(d) are the same as Figure 7a but for D20A from Figure 7b the MR, Figure 7c
experiment NoLOCAL that isolates remote forcing, and Figure 7d their difference MR 2 NoLOCAL that assesses the local forcing within the EIO; (e)-(g) are the same as Figures 7b–d but
for SSTA from HYCOM experiments.
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SSTA peak by �8 days. This result suggests that the upwelling process, which is accompanied by high Chl-
a, needs approximately a week to significantly affect the SSTA. Note that Chl-a data are available for every 8
days (section 2.1) and HYCOM D20A results (section 2.2) are the 3 day mean values, the slight difference in
time lag for Chl-a/SSTA and D20A/SSTA likely result from their difference in resolution. While upwelling
tends to thin the surface mixed layer, entrainment tends to thicken the mixed layer. Given that the MLD
anomaly thins (Figure 9c) along with the shoaling D20A, upwelling rather than entrainment is the dominant
process that causes the cold SSTA. As D20A (upwelling) is controlled by remote forcing (Figure 9b), remote
equatorial wind stress dominates the cold SSTA events in the EIO (Figure 9g). The composite wind stress is
northwestward (southeasterly) in the equatorial EIO and thus is upwelling favorable (vectors in Figure 10a).
Surface wind anomalies converge to the enhanced convection (negative OLR) and diverge from the weak-
ened convection (positive OLR) regions, forming the anomalous southeasterlies in the eastern equatorial
basin. Likewise, the warm SSTA events during summer-fall (Figures 9o–9u) are accompanied by the deep-
ened D20A and negative Chl-a anomaly, and are dominated by the downwelling induced by northwesterly
wind stress anomaly (Figures 9p–9u and 10c). Remote forcing plays a more important role than local forcing
in determining intraseasonal SSTA (Figure 9u).

Different from the summer-fall season, the cold (warm) SSTA events in winter-spring show an out-of-phase rela-
tionship between SSTA and D20A (Figures 9h–9i and 9v–9w). Instraseasonal SWR and wind speed are the first
and second important factors for causing intraseasonal SSTA, with less contribution from wind stress induced

Figure 8. (a) Intraseasonal SSTA averaged in the SR from HYCOM MR (black line) and MR-NoSWR solution (red line; SWR effect); the dashed blue horizontal lines show 61.5 STDs of SSTA
from the MR; the blue squares (red circles) mark the SSTA minima with magnitudes exceeding 21.5STD during winter-spring (summer-fall) season, which is identified as cold SSTA events
for the respective season; and the red squares (blue circles) mark the SSTA maxima with magnitudes exceeding 11.5 STD in winter-spring (summer-fall) season, which is identified as warm
SSTA events for the respective season; (b) Same as Figure 8a but for SSTA from the MR and the NoSTRESS 2 NoWIND solution (turbulent heat flux associated with wind speed effect); (c)
Same as Figure 8a but for SSTA from the MR and MR 2 NoSTRESS solution (ocean dynamics and mixed layer physics (e.g., entrainment) induced by intraseasonal wind stress).
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Figure 9. (first column) Composite for the cold SSTA events in summer-fall for (a) intraseasonal SSTA from the MR, MR-NoSWR (SWR effect), NoSTRESS 2 NoWIND (wind speed effect), and
MR 2 NoSTRESS (wind stress effect) solution; (b) intraseasonal D20A from the MR, NoLOCAL, and the MR-NoLOCAL solution; (c) intraseasonal mixed layer depth anomaly; (d) intraseasonal
Chl-a anomaly; (e) intraseasonal (black pluses) and total (black dots) wind speed anomalies; (f) intraseasonal SWR anomaly; and (g) intraseasonal SSTA from MR, NoLOCAL, and the MR-
NoLOCAL solution. (second column) Same as the first column but for the cold SSTA events in winter-spring. (third column) Same as the first column but for the warm SSTA events in
summer-fall. (Forth column) Same as the first column but for the warm SSTA events in winter-spring. All variables are averaged in the SR.
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oceanic processes (Figures 9h and 9v). The decreased (increased) SWR (Figures 9m and 9aa) associated with
positive (negative) phases of atmospheric ISOs (Figures 10b and 10d) cools (warms) the equatorial EIO, and con-
tribute the most to the EIO intraseasonal SSTA (Figures 9h and 9v, red squares). Meanwhile, the northwesterly
(southeasterly) wind anomalies associated with the convective (suppressed) phase of atmospheric ISOs (Figures
10b and 10d) act to intensify (weaken) the winter-spring mean winds in the equatorial EIO (Figure 11a),

Figure 10. (a) Intraseasonal wind stress (arrows; N m22) and OLR (color; W m22) for the composite of cold SSTA events during summer-fall, with a 5 day interval with respect to day 0,
the peak date of cold SSTA; The scale in top left corner of each plot represents 0.02 N m22; (b) Same as Figure 10a but for cold SSTA events in winter-spring; (c) Same as Figure 10a but
for warm SSTA events in summer-fall; (d) Same as Figure 10a but for warm SSTA events in winter-spring.

Figure 11. CCMP surface wind stress (in N m22) for (a) November–April (winter–spring) mean and (b) May–October (summer-fall) mean during 2001–2011.
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increasing (decreasing) the total wind speed there (Figures 9l and 9z), and thus cooling (warming) the EIO (Fig-
ures 9h and 9v). Furthermore, the reduced (increased) SWR and intensified (weakened) surface wind speed tend
to destabilize (stabilize) oceanic stratification and thus thicken (thin) the mixed layer (Figures 9j and 9x), increas-
ing (reducing) the entrainment cooling and thus cooling (warming) the SST. Although D20 shows stronger ISV
during winter-spring (e.g. Figure 3b), it has less impact on SSTA and Chl-a due to the deeper mean thermocline.
The SSTA is thus almost entirely controlled by local forcing (Figures 9n and 9bb).

4. Summary and Discussion

The equatorial EIO upwelling cools SST in the Indian Ocean side of the Indo-Pacific warm pool, and thus
contributes to anomalous atmospheric circulation and impacts regional and global climate. In this paper,
we combine observational analyses using satellite data and modeling experiments using HYCOM to investi-
gate the physical processes that determine intraseasonal variability of the EIO upwelling. Specifically, we
examine intraseasonal D20A, SSHA, SSTA, and Chl-a, which can all signify upwelling, and quantify the influ-
ences of remote forcing from the equator and local forcing within the EIO.

Subject to strong forcing by atmospheric ISOs, the summer-fall (May–October) EIO upwelling—as indicated
by D20A, SSHA, and SSTA—exhibits significant ISV (Figures 2a, 2b, 3a, and 3b). Since SSHA mirrors D20A
(Figure 2a), we primarily discuss D20A. The STD values are 5.2 m for D20A and 0.118C for SSTA during May–
October from 2001 to 2011. Larger oceanic ISV amplitudes occur during winter-spring (November–April),
when atmospheric ISOs—particularly the MJO—are stronger than summer-fall (Figures 3a and 3b). The STD
values are 5.5 m for D20A and 0.178C for SSTA for this season, which are approximately 60% and 30% of the
STDs of their climatological mean seasonal cycles.

Although intraseasonal D20A and SSTA over the EIO generally obtain larger amplitudes during winter-
spring, the Chl-a concentration obtains its largest intraseasonal variability during summer-fall (Figure 3c),
with a STD of 0.05 mg m23 during May–October of 2001–2011, which is �46% of its climatological mean
seasonal cycle. Intraseasonal D20A is significantly correlated with intraseasonal SSTA (r 5 0.48) and Chl-a
(r 5 20.51) during summer-fall, but is negative correlation with SSTA and Chl-a during winter-spring (Fig-
ures 3c and 3d). The obvious seasonality of Chl-a concentration and relationship among intraseasonal
D20A, SSTA, and Chl-a result from the different mean thermocline depth over the EIO. Intraseasonal D20A
can effectively affect SST and Chl-a during summer-fall when the mean thermocline is shallower, but is
often not strong enough to efficiently affect SST and Chl-a during winter-spring when the mean thermo-
cline is generally deep.

During summer-fall, remote forcing by equatorial wind stress plays a dominated role in causing EIO intra-
seasonal upwelling (Figures 4 and 6a). The STD of D20A in the EIO is 5.2 m in HYCOM MR, 4.4 m in NoLOCAL
that estimates the remote forcing but only 1.5 m in MR 2 NoLOCAL that measures local forcing during May–
October of 2001–2011. Driven by the equatorial Indian Ocean zonal wind stress, the intraseasonal D20A sig-
nals propagate eastward along the equator as equatorial Kelvin waves and southeastward along the coasts
of Sumatra and Java as coastal Kelvin waves (Figures 7a–7d). The remote equatorial wind stress dominates
the ISV of D20, and controls the ISV of SST and Chl-a in the EIO with a shallower mean thermocline.

During winter-spring, although remote forcing by equatorial wind is still the major cause for intraseasonal
D20A in the EIO (Figures 5 and 6a), local forcing is as important as remote effect for some events (Figure 9)
due to the strong intraseasonal wind stress induced by the MJO within the EIO. Because of the deep ther-
mocline, intraseasonal D20A has less impact on SSTA and Chl-a. During this season, the SSTA is almost
entirely controlled by local forcing. Intraseasonal SWR and wind-speed induced turbulent heat flux are the
first and second important factors for inducing intraseasonal SSTA. The decreased (increased) SWR and
increased (decreased) wind speed associated with the convective (suppressed) phase of atmospheric ISOs
cool (warm) the equatorial EIO, and thus contribute the most to the EIO intraseasonal SSTA (Figures 9–11).
Low Chl-a concentration appears in winter-spring (Figure 3c), and the STD of Chl-a during November–April
of 2001–2011 is only 0.03 mg m23 on intraseasonal timescales.

Interestingly, significant intraseasonal Chl-a blooms occur even during winter-spring for 2002 and 2003,
with Chl-a anomalies exceeding 0.06 mg m23 around 26 January 2002 and 0.05 mg m23 around 25 Decem-
ber 2002, respectively (Figure 3c). During the peak of the Chl-a in January 2002, the D20A shoals by 9.7 m,
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with its peak leading the Chl-a peak by �5 days. Remote forcing dominates the intraseasonal D20A during
this event and contributes 76% of the D20A. By contrast, D20A shoals only by 2.6 m in December 2003,
which leads Chl-a by 2 days, and it is mainly controlled by the local forcing (91%). Both events correspond
to a shallower thermocline (Figure 3b), especially in January 2002 when D20 is only 104 m. These results
demonstrate that both remote and local intraseasonal forcing could induce Chl-a bloom in winter-spring if
the thermocline is shallow on interannual timescales.
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