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Abstract

The Indian Ocean Dipole (IOD) is a prominent mode of climate variability in the tropical Indian Ocean (IO).
It exerts a significant influence on biological activities in this region. To elucidate the biological response
to the IOD, previous research has introduced the Biological Dipole Mode Index (BDMI). However, the
delineation of the region by the BDMI has limitations in capturing IOD-induced chlorophyll variations in
the IO. By analyzing observational data and historical simulations from a Coupled Model Intercomparison
Project (CMIP) model, this study shows that chlorophyll levels in the IO exhibit a dipole pattern in response
to IOD. During the developing and mature phases of the IOD, we observe a substantial decrease in chlorophyll
in the south-southwest of India, contrasting with a pronounced increase in the southeast of the IO. This
response is attributed to anomalous southeasterly winds induced by IOD, which enhance nutrient upwelling
in the southeastern IO and suppress it in the south-southwest of India, resulting in corresponding changes
in surface chlorophyll blooms. Based on this finding, we propose a new Biological Dipole Index that more
robustly explains the surface chlorophyll response to IOD in the tropical IO. This study highlights the
profound influence of IOD on oceanic chlorophyll and underscores the importance of a more comprehensive
understanding of the associated biophysical interactions.

Introduction

Marine phytoplankton play a key role in global biogeochemical cycles (Field et al 1998), contributing to
the marine food web (Richardson and Schoeman 2004) and regulating the global climate and carbon cycle
(Murtugudde et al 2002, Gregg et al 2003). Previous studies have reported that surface chlorophyll-a
(hereafter chlorophyll) concentrations are an important indicator of phytoplankton productivity (Field et al
1998). The western Indian Ocean (IO) has been found to be one of the most productive regions in the tropical
oceans (Lee et al 2005), and therefore many studies have conducted to understand the associated dynamics
of biophysical interactions (Goes et al 2005, Wiggert et al 2005). For example, Roxy et al (2016) investigated
the changes in chlorophyll concentration in the western IO and reported an alarming decline in phytoplankton
during summer. Further they showed that the enhanced ocean stratification driven by the rapid warming
in the IO is a key factor for the declining chlorophyll in the IO. In addition, the biological productivity
exhibits a pronounced seasonal cycle in the IO as a result of monsoon variability, which modulates upwelling,
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entrainment and convective mixing in the upper ocean (McCreary et al 1996, Kone et al 2009, Vijith et
al 2016). On the other hand, the seasonal evolution of surface chlorophyll in the IO has been found to
be significantly modulated by tropical climate variability, such as El Nino-Southern Oscillation (ENSO,
Behrenfeldet al 2006, Wiggert et al 2009, Currie et al 2013, Racault et al 2017) and Indian Ocean Dipole
(IOD, Brewin et al 2012, Park and Kug 2014). Thus, the chlorophyll in the IO is robustly influenced by the
local and remote forcings.

The IOD is a prominent and dynamic climate phenomenon that exerts a profound influence on weather
and climate patterns throughout the IO region (Saji et al 1999). This interannual air-sea coupled climate
mode is characterized by a dipole pattern in sea surface temperature (SST) anomalies between the western
and eastern equatorial IO (Saji et al 1999). IOD typically manifests in two phases: the positive phase
is characterized by warmer SST anomalies in the western IO (10° S-10° N, 50° E-70° E) and cooler SST
anomalies in the eastern IO (10° S-0°, 90° E-110° E), and vice versa for the negative phase. These SST
anomalies trigger variations in the atmospheric circulation, leading to shifts in the position of the Walker
circulation, changes in monsoon patterns and altered precipitation regimes in the affected regions (Sajiet
al 1999, Webster et al 1999). Thus, the IOD is a crucial component of the Earth’s climate system (Saji
and Yamagata 2003), affecting not only regional climate variability, but also having far-reaching effects on
weather systems (Chan et al 2008), agriculture (Ashok and Saji 2007), ecosystems (Marchant et al2006,
Park and Kug 2014) and socio-economic conditions (Feng et al 2022) in countries bordering the IO.

In addition to the effects on the physical structure of the IO, there are biological consequences of IOD
with potential importance for the marine ecosystem, fishery resources and carbon sequestration (Currieet al
2013). The IOD-induced changes in the surface circulation can lead to upwelling/downwelling and mixing
and regulate the supply of nutrients to the surface causing robust changes in surface chlorophyll in the
IO (Sarma 2006, Chen et al 2013). However, the relationship between IOD and ocean biogeochemistry is
complex and depends on the specific phase of IOD (positive or negative) and their regional effects (Sari et al
2020). Therefore, the biological response to IOD has been widely studied (Vinayachandran et al2002, Chen et
al 2013, Currie et al 2013, Sankar et al 2019, Thushara and Vinayachandran 2020, Shi and Wang 2021). For
example, Murtugudde et al (1999) reported a strong phytoplankton bloom in the eastern equatorial IO, an
area characterized by low climatological productivity, due to the intense positive IOD of 1997. Consistently,
similar responses were also observed during the 2019 positive IOD event (Shi and Wang 2021). Although
similar blooms were observed during the 2006 event, Wiggert et al (2009) showed that the biological responses
to the 1997 event were more intense, suggesting that IOD intensity is an important factor for the intensity
of chlorophyll. Furthermore, Wiggert et al (2009) showed that the 1997 and 2006 events caused a decrease
in surface chlorophyll in the Arabian Sea (AS), an area characterized by high climatological productivity.
On the other hand, several studies have reported an increase in surface chlorophyll in the southeastern AS
during negative IOD events due to enhanced Ekman suction and coastal upwelling, as well as a shoaling
thermocline in the region (e.g., Thushara and Vinayachandran 2020). Thus, in addition to the differences in
chlorophyll intensity, the biological responses to IOD also show a diverse spatial structure.

Given that IOD influences the chlorophyll variability of the tropical IO, Shi and Wang (2021) proposed a
biological IOD, and later the authors introduced the biological dipole mode index (BDMI, Shi and Wang 2022)
to characterize and quantify IOD-induced changes in surface chlorophyll in the IO. The BDMI is defined as
the difference between the average chlorophyll anomaly in the western IO (10° S-10° N, 50° E-70° E) and the
eastern IO (10° S-0°, 90° E-110° E), where the chosen region is the same as that used to define the dipole mode
index (DMI). However, there are some limitations in the index region that prevent an accurate representation
of the chlorophyll variability in response to IOD in the IO. As shown in the composite analysis of positive and
negative IODs (Fig. S1), IOD-induced changes in chlorophyll remain weak in the western equatorial IO. This
raises questions about the accuracy of using chlorophyll in the western equatorial IO to define the BDMI in
previous studies, and therefore possible clarifications are sought to understand the IOD-induced chlorophyll
changes (e.g., intensity and spatial pattern) in the tropical IO. Furthermore, understanding these interactions
is crucial for understanding the broader ecological and environmental consequences of IOD events over the
Indian Ocean. Therefore, in the present study we investigate the biological consequences of IOD.
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Data and methods

To investigate the effect of IOD on chlorophyll, we used monthly chlorophyll from the European Space
Agency Ocean Color Climate Change Initiative (ESA-OC-CCI v4, Sathyendranath et al 2018). In addition,
we used monthly SST data from extended reconstructed SST (ERSSTv5, Boyin et al 2017), 10 m zonal and
meridional winds from National Centers for Environmental Prediction (NCEP2), subsurface temperature
from NCEP Global Ocean Data Assimilation System (GODAS, Kanamitsu et al 2002), and surface wind
stress from European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5).

Along with observations, we used historical simulations from 13 CMIP6 coupled general circulation models,
including chlorophyll, SST, low-level (850 hPa) winds, subsurface temperature, and nutrients (nitrate and
phosphate, Table S1), to provide supporting evidence for the observed relationships. It should be mentioned
that these 13 models (Table S1) among CMIP6 models are selected because they only provide full 3-D
datasets of ocean biogeochemistry. However, many of the CMIP models fail to reproduce the spatial pattern
of climatology in chlorophyll concentrations and interannual variability in the IO (Roxyet al 2016). Therefore,
following Roxy et al (2016), we selected a single model to investigate the biophysical response to IOD based
on the pattern correlation coefficient (PCC > 0.5) of mean chlorophyll and the interannual variability of
chlorophyll (standard deviation) (Fig. S2). The model chosen is the Geophysical Fluid Dynamics Laboratory
Earth System Model (GFDL-ESM4, Dunne et al 2020). GFDL-ESM4 simulates the mean climatology of
chlorophyll concentrations and the interannual variability of chlorophyll with a relatively small bias compared
to the other 12 CMIP6 models (Fig. S2).

In addition, the dipole mode index (DMI) is calculated as the difference between the averaged SST anomaly
in the western Indian Ocean (10° S-10° N, 50° E-70° E) and the eastern Indian Ocean (10° S-0°, 90° E-110°
E, Saji et al 1999). We also examined the biological dipole mode index (BDMI) introduced by Shi and Wang
(2022). The BDMI is defined as the difference of average chlorophyll anomaly in the western Indian Ocean
(10° S-10° N, 50° E-70° E) and the eastern Indian Ocean (10° S-0°, 90° E-110° E). Here, all anomalies are
calculated by removing the seasonal cycle and the long-term linear trend. The datasets have been analyzed
for the period 1997-2020 for the observations and for the period 1850-2014 for the CMIP6 simulations.

Results

3.1. Dipole pattern in surface chlorophyll

First, we examined the IOD-induced changes in surface temperature, circulation, and chlorophyll in the
tropical IO during the boreal summer to autumn, and the results are shown in Fig. 1. It can be clearly seen
that the southeastern IO is cooler and western IO is warmer, and the southeasterly winds are intensified
in response to IOD in the observations (Fig. 1a). Consistently, GFDL-ESM4 also shows similar responses,
suggesting its ability to reproduce the air-sea interactions in the IO (Fig. 1b). To investigate the influence of
IOD on surface chlorophyll changes, we examined the regression patterns of chlorophyll in the tropical IO.
The chlorophyll anomalies in the southeastern IO, west of Sumatra, are positively enhanced in response to
positive IOD, and vice versa for negative IOD (Fig. 1c). Thus, consistent with previous studies (Currie et al
2013, Shi and Wang 2021), high chlorophyll blooms are evident in the southeastern IO during positive IOD
events. However, the chlorophyll response in the western equatorial IO remains weaker, raising questions
about the accuracy of using chlorophyll in the western equatorial IO to define the BDMI in previous studies.
On the other hand, the changes in chlorophyll in the south-southwest coastal region of Indian subcontinent
are strong and significant, implying that this region has a more dominant response to IOD than the western
equatorial IO. Thus, the strong zonal contrasts of chlorophyll responses exist between the southeastern
IO and south-southwest coastal region of Indian subcontinent, indicating a biological dipole in the IO in
response to IOD. Despite some changes in the Bay of Bengal and Arabian Sea regions, GFDL-ESM4 also
shows consistent results with observations (Fig. 1d). Thus, both composites (Fig. S1) and regression patterns
(Fig. 1c) show the emergence of a biological dipole in the tropical IO in response to IOD during the boreal
summer to autumn.

To further elucidate the characteristics of the biological dipole, we next examine the correlations between
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DMI and surface chlorophyll anomalies. Since previous studies showed that the effect of IOD on chlorophyll is
strongest in late boreal summer and autumn (Thushara and Vinayachandran 2020, Shi and Wang 2021), we
examined the relationship from August to November. Consistent with the regression patterns (Fig. 1c), the
correlation shows more distinctive dipole pattern between the regions of southeastern IO and south-southwest
of Indian subcontinent (Fig. 2a). In addition, the correlation remains weaker in the western equatorial
IO region, but it is dominant for the chlorophyll response in the south-southwest of Indian subcontinent.
Therefore, although there is a dipole pattern in the biological response to IOD, the regions used to explain
the BDMI in previous studies might to be less straightforward to represent the chlorophyll responses to the
IOD.

Hence, to clearly represent the IOD-induced biological dipole, we select two regions based on the regression
(Fig. 1c) and correlation (Fig. 2a) patterns. As shown in Fig. 2b, the strongest chlorophyll response is
observed in the regions of Southwest of Indian subcontinent (SWI, 4° N-16° N, 70° E-79° E) and West of
Sumatra (WS, 10° S-2° S, 95° E-105° E). Further, to show the dipole-like response of chlorophyll, we examine
the correlation between the SWI (WS) chlorophyll index and chlorophyll anomalies in the tropical IO, and
the results are shown in Fig. 2b (Fig. 2c). The results clearly show that when chlorophyll anomalies are
positively increasing in the SWI (WS) region, chlorophyll anomalies are decreasing simultaneously in the
WS (SWI) region. Thus, our results clearly show a dipole pattern in surface chlorophyll in the tropical IO in
response to IOD during late summer to autumn. This spatial pattern of correlation has been well captured in
GFDL-ESM4 consistent with the observations (Fig. S3). Therefore, we suggest an improved biological dipole
index (BDI) as the difference between the average chlorophyll anomaly in the SWI and the WS regions. To
show further evidence for the biological dipole, we have also examined the correlation between chlorophyll
anomalies of the SWI and WS regions and found a significant negative relationship (Fig. S4). It is worth
noting that the correlation during June to November is –0.43, and the correlation becomes stronger (–0.48
for the observations, and –0.53 for the GFDL-ESM4) during August to October, implying that the dipole
pattern in chlorophyll is more dominant during late summer to autumn.

Figure 1. Regressed SST (color shading) and 850 hPa winds (vector) on DMI for (a) observations during
1997-2020 and (b) CMIP6 model during 1850-2014. Regressed surface chlorophyll (color shading) on DMI
for (c) observations and (d) CMIP6 model. In (a) and (b) only significant values at the 95% confidence
interval are displayed. Significant regions at the 95% confidence interval are marked by contours in (c) and
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(d). The chosen season is boreal summer to autumn (June to November).

Figure 2. (a) Correlation between DMI and surface chlorophyll anomalies. The black solid and dashed
square indicates the southeastern IO (SEIO) and western IO (WIO) region respectively, used to define the
DMI. (b) Correlation between SWI chlorophyll index and surface chlorophyll anomalies, and (c) correlation
between WS chlorophyll index and surface chlorophyll anomalies. In (b) and (c) the purple solid and dashed
square indicates the SWI and WS regions used to define the biological dipole index (BDI). In each plot
significant regions at the 95% confidence interval are marked by contours.

To explore the characteristics of IOD and BDI, we further examined the amplitude and phase locking (Fig.
3). As shown in Fig. 3, both in the observations and GFDL-ESM4, IOD and BDI show a dominant seasonal
dependency with a peak phase in autumn. In addition, consistent with previous studies IOD peaks in
October in the observations (Li et al 2003, Saji et al 1999), while the BDI shows an early peak (September,
Fig. 3a). On the other hand, although the BDI peak month in GFDL-ESM4 is consistent with observations,
IOD in the GFDL-ESM4 shows an early peak compared to the observations (Fig. 3c). However, apart from
the differences in the peak month, both observations and model show the strong phase locking of IOD and
BDI in the boreal autumn.

We further examined the relationship between BDI and IOD during September to October (Fig. 3b). The
months of September and October have been chosen as the peak months of the two indices. The results clearly
show that there is a strong and significant correlation between BDI and IOD amplitudes during autumn. In
agreement with the observations, GFDL-ESM4 also shows a strong and significant correlation (-0.85, Fig.
3d). We also examined the correlation between BDMI (defined according to Shi and Wang 2022) and IOD
during autumn and found that the correlation (r = -0.62) is lower compared to that of BDI (Fig. S5). Also,
the previous BDMI does not capture chlorophyll variability during extreme events because the region used
to define the index does not reflect well the changes in chlorophyll in response to IOD. For example, the
extreme negative IOD in 2016 is not apparent in the BDMI (BDMI=0.01 for September 2016, Fig. S5), but
the event is well represented in the BDI (BDI=0.86 for September 2016, Fig. 3c). Therefore, compared to
the BDMI in previous studies, the BDI can well represent the IOD-induced responses in chlorophyll. Thus,
we demonstrate the presence of the biological dipole pattern in the tropical IO and propose a new definition
(BDI) that can actively capture the variability of chlorophyll in response to IOD.
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Figure 3. Observed interannual variability of (a) DMI (blue) and BDI (green) during 1997-2020 and
observed (b) correlation between DMI and BDI during 1997-2020 for September to October. (c) and (d),
same as (a) and (b), respectively, but for GFDL-ESM4 model during 1850-2014. The regressed line is shown
in red, and the correlation (r) shown in the plot is significant at the 99% confidence level. In (b), September
and October months of 2016 extreme negative IOD event are marked using green labels.

3.2. How does IOD produce dipole variability of the chlorophyll in the Indian Ocean?

6
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Figure 4. Regressed thermocline (color shading) and surface wind stress (vector) on DMI for (a) observations
and (b) GFDL-ESM4 model. For thermocline and wind stress only significant regions at the 95% confidence
interval are displayed. Regressed upper 50m (c) Nitrate and (d) Phosphate on GFDL-ESM4 model. For
nutrients, significant regions at the 95% confidence interval are displayed. The contour lines indicate the
regressed nutricline (m) on DMI. Here, thermocline and nutricline are defined as the depth of the maximum
vertical gradient of potential temperature and nutrients, respectively.

To understand how IOD modulates surface chlorophyll in the tropical IO, we next examine IOD-induced
changes in atmosphere-ocean coupled systems (e.g., surface wind stress, thermocline, and nutrients such as
nitrate and phosphate, Fig. 4). As shown in Fig. 4a, southeasterly wind stress is significantly enhanced
in response to IOD in the eastern equatorial IO. Given the importance of strong air-sea coupling in this
region (Bjerknes feedback; Bjerknes 1969), IOD-induced southeasterly winds are favorable for thermocline
shoaling in the eastern equatorial IO (Fig. 4a). This results in cooler SSTs (Fig. 1a), indicating strong
upwelling in the southeastern IO, west of Sumatra. On the other hand, the wind stress and thermocline
response in the western equatorial IO remains weaker, suggesting that IOD-induced upwelling/downwelling
in this region is weaker or even negligible during late summer to autumn. Interestingly, consistent with
the chlorophyll response (Fig. 1c), the southwest region of Indian subcontinent has stronger southeasterly
winds and a deeper thermocline, suggesting that the IOD-induced upwelling/downwelling is stronger in this
region compared to the western equatorial IO. Thus, upwelling (downwelling) is enhanced in the WS (SWI)
in response to IOD. The IOD-induced changes in surface wind stress and thermocline in GFDL-ESM4 are
consistent with the observations (Fig. 4b).

In general, nutrients such as nitrate and phosphate are essential for phytoplankton blooms in the tropical IO
(i.e., Roxy et al 2016). To further illustrate the variability in nutrient supply to the surface in response to
IOD, we have examined the regression patterns of nitrate (Fig. 4c), phosphate and nutricline (Fig. 4d). The
nutricline is defined as the depth of the maximum vertical gradient of each nutrient. Consistent with the
changes in the thermocline, the results clearly show an increase in nutrients in the eastern equatorial IO and a
decrease in the south-southwestern region of India. Thus, IOD-induced changes in the upwelling/downwelling
process are a key factor in chlorophyll variability, leading to a biological dipole in response to IOD in the
tropical IO.

Discussion

Marine primary productivity in the IO is highly sensitive to the ocean-atmosphere dynamics associated with

7
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the IOD (Currie et al2013, Wiggert et al 2009), and it is therefore essential to understand the profound effect
of the IOD on oceanic chlorophyll. Previous studies (Shi and Wang 2021, 2022) have attempted to explain
the biological response of IOD using BDMI. However, there are discrepancies between physical response
and biological response in the index region that prevent an accurate representation of the IOD-induced
chlorophyll variability. As can be seen from the composites of positive and negative IODs, the change in
the western equatorial IO is negligible. Thus, despite the dipole pattern in the biological response to IOD,
the regions used to explain the BDMI in previous studies have limitations to express the actual biological
variability in the IO. On the other hand, even if there is a biological dipole response, the BDMI is not able
to capture the chlorophyll variability well. For example, the BDMI does not well reflect the extreme events
(i.e., 2016 negative IOD, Fig. 3b and Fig. S5). Therefore, it suggests the need for an accurate index that
can deeply explain the IOD-induced chlorophyll variability in the tropical IO.

Furthermore, we found discrepancies between observations and CMIP6 models. Although GFDL-ESM4 is
closer to the observations, the remaining 12 models do not well capture the climatology and interannual
variability of chlorophyll in the tropical IO, suggesting biases in current biogeochemical models (Roxy et al
2016, Lim et al2018). In addition, we have not used observed nutrients to quantify IOD-induced changes, so
it will be important to construct advanced observational systems to understand the associated biophysical
interactions in detail. Nevertheless, the observations and the model used in our study provide sufficient
evidence for a general understanding of the IOD-induced changes in marine phytoplankton in the tropical
IO.

As marine phytoplankton play a key role in the marine food web, environment, and global climate, un-
derstanding their changes in response to tropical climate variability has important implications. Studies
have shown that IOD-induced changes in upwelling/downwelling and surface chlorophyll concentrations (an
indicator of biological productivity) are likely to affect the abundance of economically valuable tuna stocks,
catch rates, fishing grounds and other pelagic fish species in the IO (Wiggert et al 2009, Lan et al 2013, Gaol
et al2015, Setyohadi et al 2021, Wang et al 2023). Therefore, changes in phytoplankton blooms can mod-
ulate fisheries production and ecosystem functions, and also can cause major environmental problems (Dai
et al 2023). Thus, understanding IOD-induced changes in marine phytoplankton has direct and important
implications for fisheries and environmental management in the IO.

Conclusion

We have investigated the IOD-induced surface chlorophyll responses in the IO using both observations
and a CMIP6 earth system model, and show the strong zonal contrast of chlorophyll blooms between the
southeastern IO and the south-southwestern region of the Indian subcontinent. This strong zonal contrast
indicates a biological dipole in the IO in response to IOD. Furthermore, we show that the IOD-induced
changes in the nutrient upwelling/downwelling process are a key factor in the chlorophyll variability leading
to the biological dipole in the tropical IO. Finally, since the previously defined BDMI has limitations in
representing the IOD-induced chlorophyll variability, we propose a new biological dipole index (BDI) that
can robustly explain surface chlorophyll changes in the tropical IO in response to IOD. In addition, we
highlight the need for a better understanding of the associated biophysical interactions in the tropical IO.
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