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The Indian Ocean Dipole (IOD) and El Nifio—Southern Oscillation (ENSO) are the
primary climatic modes that profoundly impact physical and biological processes
in the Northern Indian Ocean (NIO). IOD- and ENSO-related vertical
phytoplankton anomalies, however, remain poorly understood. Using the
three-dimensional Chlorophyll a concentration dataset generated by a
machine learning model, this study examines IOD- and ENSO-linked vertical
phytoplankton anomalies over the entire euphotic layer (0—-100 m) in the NIO
during 2000—-2019. Results reveal that IOD and ENSO trigger significant opposite
changes in phytoplankton at 0-50 m and 50-100 m. The effects of IOD and
ENSO on the vertical structure of phytoplankton are generally asymmetric, with
anomalies at 0-50 m being significantly larger than that at 50-100 m. During
summer and fall, the significant vertical phytoplankton anomalies in the Central
Arabian Sea (CAS), Southern Tip of India (STI), and the Eastern Equatorial Indian
Ocean (EEIO), are primarily related to 10D forcing. IOD-linked negative (positive)
phytoplankton anomalies at 0-50 m (50-100 m) are driven by the westward
propagating downwelling Rossby waves. During winter and spring, due to the
local wind anomalies and shallower thermocline, the Seychelles—Chagos
Thermocline Ridge (SCTR) is the only region where ENSO exhibits greater
positive effects on phytoplankton at 50-100 m than IOD. Different from 10D,
the ENSO-related wind reversal impedes subsurface upwelling in the STI and
EEIO, thereby constraining vertical biological activity. These findings could shed
light on how phytoplankton will respond to changing ocean dynamics under
global warming.
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1 Introduction

The Northern Indian Ocean (NIO, 40°-100°E, 10°S-30°N,
Figure 1) is characterized by the existence of monsoonal winds
and reversing currents, due to the vast Asian landmass at low
latitudes (Hermes et al., 2019). Under the complex ocean-
atmosphere interaction systems, phytoplankton in the NIO
exhibit a variety of three-dimensional (3-D) structures (Figure 1).
Recent studies have offered remarkable insights into the potentially
profound effects of climate change on phytoplankton (Currie et al.,
2013; Hays et al., 2005; Hu et al., 2021; Pandey et al., 2019; Racault
et al,, 2017). Beyond its direct impact on local marine ecosystems,
phytoplankton photosynthesis in the Indian Ocean basin may
account for approximately 20% of the global oceanic uptake of
anthropogenic CO, (Takahashi et al., 2002; Gruber et al., 2019),
thereby helping to buffer the effects of global warming. As a result,
the tight coupling mechanisms between environmental change and
phytoplankton dynamics need to be fully understood to unveil
phytoplankton response to global climate change.

Phytoplankton variability is closely linked to short-term
climate variabilities (Currie et al, 2013; Hays et al., 2005),
including the El Nifio-Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD). In the NIO, ENSO and IOD represent two
dominant climate modes that lead to variability in both physical
and biological systems. ENSO is a prominent mode of climate
variability in the Earth system. Its occurrence is linked to ocean-
atmosphere coupling in the tropical Pacific, with a characteristic
frequency of 2-7 years (Currie et al., 2013; McPhaden et al., 2006).
During El Nifio (La Nifa), air-sea interaction contributes to
anomalous warming (cooling) of sea surface temperature (SST)
and positive (negative) sea level anomalies (SLA) in the central and
eastern Pacific Ocean. This is associated with a decrease (increase)
in the climatological zonal trade winds, which in turn reduces
(enhances) upwelling by deepening (shallowing) the thermocline
along the equator via ocean wave dynamics (Amaya, 2019). It is
generally observed that ENSO events reach their most pronounced
intensity between November and January. The resulting equatorial
SST anomalies in the tropical Pacific Ocean trigger large-scale
atmospheric teleconnections linked to El Nifio, which can
contribute significantly to a general warming of the Indian Ocean
(Xie et al., 2009).

The IOD is a unique and inherent mode of interannual
variability that affects both local and remote regions (Abram
et al,, 20205 Saji et al,, 1999). IOD activity typically develops in
early spring, peaks from August to October, and then rapidly decays
in November or December (Abram et al., 2020; Currie et al., 2013).
The positive IOD event is initiated by the anomalous easterly winds
over the equatorial Indian Ocean, resulting in ocean upwelling
along the coasts of Java and Sumatra, as well as cold SST anomalies
in the eastern Indian Ocean. Like the Bjerknes feedback essential for
ENSO events, the wind and SST anomalies reinforce each other in a
positive feedback loop. During the positive IOD event, the
anomalous easterly winds result in a decrease in the thermocline
depth in the eastern Indian Ocean. Then, the characteristic zonal
anomaly pattern in sea level height and vertical temperature results

Frontiers in Marine Science

10.3389/fmars.2025.1523434

from the associated westward Rossby wave, which deepens the
thermocline and warms the upper ocean in the western Indian
Ocean (Abram et al., 2020; Rao et al.,, 2010). Moreover, it is also
noted that the subsurface temperature anomalies at the thermocline
depth tend to start earlier and last longer than the surface IOD
signals (Horii et al., 2008). The IOD could be triggered by ENSO or
the inherent oscillation mode in the Indian Ocean (Saji et al., 1999;
Yue et al, 2021).

In turn, IOD- and ENSO-related oceanic and atmospheric
perturbations can also affect the biological processes in the local
and distant oceans (Currie et al., 2013; Pandey et al., 2019; Racault
et al.,, 2017). As the base of the aquatic food web, the IOD- and
ENSO-induced interannual variability of phytoplankton can affect
fisheries and marine ecosystems, which support the livelihoods of
many of the riparian countries in the NIO (Beal et al., 2020; Hermes
etal,, 2019). Chlorophyll a concentration (Chla) is a universal proxy
for phytoplankton biomass and is a particularly good indicator of
climate change in the marine environment (Hays et al, 2005).
Recently, the deployment of ocean color satellites has afforded
researchers a continuous and spatially comprehensive view of the
recent IOD and ENSO events (Lehahn et al., 2018; Pandey et al.,
2019; Racault et al,, 2017). Using the 4-year calibrated SeaWiFS
data, Yoder and Kennelly (2003) found that the interannual
variability of Chla in the tropical oceans is strongly influenced by
the ENSO signal. Due to the coastal upwelling induced by
anomalous easterly winds, the co-occurrence of El Nino and
positive IOD in 1997/1998 was associated with higher surface
Chla in the eastern equatorial Indian Ocean (Liu et al, 2021;
Susanto and Marra, 2005). Additional effects of the ENSO and
IOD events have produced the Chla bloom in the southern Bay of
Bengal (BoB) related to the anomalous westward propagating
upwelling Rossby waves (Girishkumar, 2022) and the low surface
Chla in the Arabian Sea linked to the wind-induced Ekman
transport (Huang et al, 2022). Meanwhile, in the southern
equatorial Indian Ocean, the 1997/1998 IOD and ENSO episodes
drastically decreased the surface Chla due to the propagating
downwelling Rossby waves and local wind anomalies (Ma et al.,
2014). Using the satellite observational data, Pandey et al. (2019)
analyzed the patterns of Chla anomalies in the Indian Ocean
induced by IOD and ENSO during the 2006/2007 events. The
results showed that sea surface Chla responded asymmetrically to
IOD/ENSO over the NIO, with IOD having a stronger influence
than ENSO. In addition, the influence of IOD/ENSO on
phytoplankton carbon cycling in the Indian Ocean is also
investigated. In the western Indian Ocean, the occurrence of El
Nifio and positive IOD leads to a decrease in primary production
(PP), while an increase in PP is observed in the eastern side (Racault
et al,, 2017). Thus, significant regional variations in phytoplankton
are caused by the effects of ENSO and IOD on the oceanic and
atmospheric dynamic processes.

The deep Chla maximum (DCM) is generally shown below the
mixed layer rather than the surface in the tropical ocean (Figure 1,
Cullen, 2015; Cornec et al., 2021; Yasunaka et al., 2021). In the
tropical Indian Ocean, within the mixed layer (0-50 m) is highly
oligotrophic with very low chlorophyll a concentration in the upper
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FIGURE 1

The three-dimensional structure of chlorophyll a in the northern Indian Ocean. The shading represents the spatial distribution of the annual mean
Chla (2000-2019). Longitude-depth plot of Chla, D20 and MLD along 10°S-0. The orange dashed and solid curves indicate the D20 and MLD,
respectively. The arrowed curve indicates the surface circulation. The red and black curves represent mean flow during summer and winter
monsoons, respectively. The white curve represents the mean flow without seasonal reversal. EJs, Equatorial Jets; GW, Great Whirl; SG, Southern
Gyre; SC, Somalia Current; SMC, Southwest Monsoon Current; NWC, Northwest Monsoon Current; NEMC, Northeast Madagascar Current; SEC,
South Equatorial Current; SJIC, South Java Current; SCTR, Seychelles—Chagos Thermocline Ridge; MLD, Mixed Layer Depth.

70°E
Longitude

10.3389/fmars.2025.1523434

Chla (mg m3)

80°E 90°E 100°E

ocean. It is noteworthy, however, that a well-developed DCM exists
between the mixed layer bottom and the thermocline at depths of
50-100 m (Figure 1). Unfortunately, the phytoplankton variability
below the surface is not captured by satellite-derived Chla, which
accounts for about one-fifth of the total biomass in the entire
euphotic layer (Hu et al,, 2021, 2022; Sammartino et al,, 2018). A
robust correlation exists between IOD/ENSO events and
interannual fluctuations in the subsurface Chla (Hu et al., 2021;
Ma et al.,, 2014; Shi et al., 2023; Yasunaka et al., 2021). In contrast to
surface patterns, El Nino causes the subsurface Chla in the
equatorial Pacific to be lower in the west and higher in the east
(Yasunaka et al.,, 2021). In the eastern Arabian Sea, the 2015/2016 El
Niflo warming event enhanced the subsurface phytoplankton
owning to a significant increase in light and temperature in the
50-100 m layer (Hu et al.,, 2021). In addition, a robust subsurface
biological response was observed during the decaying period in a
positive IOD event due to the shallower thermocline and turbulent
mixing in the eastern equatorial Indian Ocean (Li et al., 2022).
Thus, phytoplankton varies dynamically in time and space at the
ocean’s surface and subsurface. However, these vertical biological
processes within the entire euphotic layer over the NIO are
less systematically understood due to the limitations of 3-D
observational data.

The objective of this study is to examine the IOD- and ENSO-
induced vertical variations of phytoplankton within the whole
euphotic layer (0-100 m). We use a two—decade (2000-2019) 3-D
Chla dataset from our recently developed high-precision remote
sensing inversion model (Hu et al., 2023) to distinguish IOD and
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ENSO contributions to vertical phytoplankton anomalies in the
NIO. Although the biological responses are our primary focus, the
sea surface winds (SSW), vertical temperature, and thermocline
depth are also investigated to explore the physical mechanisms
governing changes in vertical phytoplankton. The paper is
structured as follows: Section 2 describes the data and methods
employed. Section 3 analyses the influence of IOD and ENSO on the
vertical structure of biological and physical variables. Finally,
Section 4 presents a summary of the main conclusions.

2 Data and methods
2.1 Data

2.1.1 3-D Chla data

The 3-D of Chla over the NIO were generated by the Random
Forest (RF) method of Hu et al. (2023). The proposed method
employs a data fusion approach to infer the vertical distribution of
Chla, integrating satellite and biogeochemical Argo (BGC-Argo)
data. As shown in Figure 2, the RF-model infers the 3-D structure of
Chla in the NIO using the near-surface information acquired by
satellite products and vertical features collected by BGC-Argo floats.
The uncertainties derived from BGC-Argo (instrument drift and
calibration issues) and satellite products (atmospheric correction)
may affect the accuracy of 3-D Chla products. However, it was
previously estimated that the vertical Chla profile produced by the
RF model was more accurate and robust than the profiles obtained
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FIGURE 2

Diagram illustrating the processing flow for the 3-D structure of Chla inferred from merged satellite and BGC-Argo data using the RF-Model.

by other methods (i.e., the neural network and numerical modeling)
in the NIO (Hu et al., 2023). In this study, the monthly Chla data
from 2000 to 2019 with a uniform 0.25° x 0.25°grid for 32 standard
depths ranging from 0 to 200 m (0, 1, 2, 3,4, 5, 7, 8, 10, 12, 14, 17,
19, 23, 27, 31, 36, 41, 47, 54, 61, 69, 78, 87, 97, 108, 120, 133, 147,
163, 181, and 200 m) are selected to reveal the IOD- and ENSO-
related vertical phytoplankton anomalies in the NIO (Figure 2).

2.1.2 Reanalysis data

Monthly SSW data with a 1/4° horizontal resolution was
obtained from the Cross-Calibrated Multi-Platform Ocean
Surface Wind Velocity Product (CCMP, www.remss.com) for the
2000-2019. The Global Ocean Ensemble Reanalysis of monthly
temperature and MLD were obtained on 1/4° horizontal resolution
from the CMEMS at https://marine.copernicus.eu/. The vertical
profiles of temperature were obtained from 32 vertical levels
ranging from 0 to 200 m. The MLD was calculated as the depth
at which the potential density is observed to increase in comparison
to the density at 10 m depth, corresponding to a temperature
decrease of 0.2°C (Hosoda et al., 2010). To indicate the thermocline
depth, the 20°C isotherm (D20) depth is calculated by linear
interpolation of the vertical temperature profile (Currie et al., 2013).

2.1.3 10D and ENSO events

In the NIO, IOD and ENSO events are the most significant short—
term climate oscillations (Abram et al., 2020; Schott et al., 2009). The
interannual signals associated with the IOD and ENSO were
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characterized using standard indices. The Pacific ENSO signal was
represented by the bi-monthly multivariate ENSO index (MEL; Wolter
and Timlin, 2011). The empirical orthogonal function (EOF) was
employed to calculate the MEI using five variables (specifically, SST,
sea level pressure, zonal and meridional components of the surface
wind, and outgoing longwave radiation) over the tropical Pacific basin
(30°S-30°N and 100°E-70°W), thereby generating a time series of
ENSO conditions. The dipole mode index (DMI), which is a measure
of the anomalous SST gradient between the western and southeastern
equatorial Indian Ocean (50°-70°E, 10°S-10°N, and 90°-110°E, 10°S-
0°) during September and November, was used to indicate the
intensity of IOD (Saji et al., 1999). In this study, the MEI and DMI
from 2000 to 2019 were obtained from the NASA Physical Sciences
Laboratory (https://psl.noaa.gov/).

2.2 Methods

2.2.1 Seasonal and trend decomposition

Seasonal and trend decomposition using LOESS (locally
estimated scatterplot smoothing, STL) is a very effective and robust
method for decomposing time series (Chan and Cryer, 2008;
Cleveland et al,, 1990; Zhang et al., 2023). STL can decompose a
time series into three main components: seasonal term, trend term,
and residual term, using an additive model as follows:

1

Y; = Seasonal, + Trend, + Irregular,
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Where Y, represents the time series. The term Seasonal; is a
seasonal factor that can be used to capture periodic changes in the
time series within a year. Trend, indicates the long-term trend.
Irregular, is a random factor that can capture changes that cannot
be explained by seasonal or long-term trend effects. In this study,
the STL function in the R programming language (R Development
Core Team, 2011) was used to calculate interannual anomalies for
all variables, such as Chla, Temperature, SSW, MLD, and D20.
These anomalies represent the residuals (Irregular,) obtained after
removing the seasonal cycle (Seasonal;) and the long-term trend
(Trend,). The occurrence of ENSO and IOD is linked to ocean-
atmosphere coupling in the tropical ocean, with a characteristic
frequency of 2-7 years. The trend is calculated by fitting a first-
degree polynomial over a 7-year Loess window, which removes
long-term changes over decades or longer (Currie et al., 2013).

10.3389/fmars.2025.1523434

Thus, these interannual anomalies (Irregular,) can be attributed to
short-term climate oscillations (< 7 years, i.e., IOD and ENSO), and
all analyses in this study were performed on these anomalies. A
visual example of the removal of the seasonal and trend signals from
(in this case) is shown in Figure 3.

2.2.2 Partial regression analysis

The primary goal of this paper was to distinguish the effects of
IOD and ENSO on biological and physical variables in the NIO. The
correlation between IOD and ENSO indices is largely due to the
frequent co-occurrence of IOD and ENSO events (Yamagata et al.,
2004; Schott et al.,, 2009). Therefore, partial regression methods
were utilized to distinguish the effects of IOD and ENSO, as these
techniques have previously been effective in isolating IOD and
ENSO signals in physical and biological fields (Saji and Yamagata,
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FIGURE 3

The STL method as applied to Chla. (A) Time-series showing the Chla. (B) Seasonal cycle calculated from Seasonal; of Equation 1. (C) The long-term
trend calculated from Trend, of Equation 1. (D) The residuals obtained after removing the seasonal cycle and the long-term trend from Equation 1.
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2003; Currie et al., 2013; Keerthi et al., 2013; Pandey et al., 2019).
After removing the influence of a third variable from both variables,
partial regression is used to determine the effect of one variable on
another. For example, to compute the partial regression between a
time series of Chla anomalies (CHL) and DMI, while excluding the
effect of ENSO, it is necessary to perform three different linear
regressions as follows:

CHL = a x MEI +r.CHL_g 2)
DMI = b x MEI +r.DMI g (3)
r.CHL.p = ¢Xr.DMI_p+r.CHL g (4)

Moreover, using Equations 5-7, an estimate of the CHL
variability linked to ENSO can be calculated excluding the
influence of I0D:

CHL = ax DMI +r.CHL , (5)

0.2+

Chlagn, (mg m™)
o

o
o
1

-0.14

0.2+

r.Chla_g (mg m™)

-0.14

1.2
DMI

FIGURE 4

10.3389/fmars.2025.1523434

MEI = b x DMI +r.MEL, (6)

(7)

Where the residuals with ENSO or IOD signals removed are
indicated by the subscripts — E and — I, respectively. The effect of
climate indices on the CHL is estimated by the regression coefficients

r.CHL_;= c¢xXr.MEIl;+r.CHL_ ; f

denoted by the letters a, b, and c. In addition, the climate indices, such
as DMI and MEI, have been standardized to a zero mean and unit
variance. Consequently, the regression coefficients represent the
expected change in the response variable (e.g., CHL), resulting from
a climate anomaly with a magnitude of 1. In the above equations, CHL
was replaced by SSW, D20, temperature, and MLD anomalies to
calculate the effects of IOD and ENSO on these variables, respectively.
A visual example of the removal of the linear climate mode (IOD and
ENSO) from (in this case) Chla anomalies is shown in Figure 4.

After removing the effect of IOD, the proportion of purely
ENSO-induced CHL variance (V . CHL,z;) was defined as follows
(Currie et al., 2013):

(b)

0.2+

r.Chla_g (mg m™)

-0.14

0.2

r.Chla_g_, (mg m™)

-0.14

1.2

The partial regression method as applied to Chla. (A) Chla anomalies and (B) Chla anomalies residuals from Equation 2, plotted against the MEI index,
illustrating the linear relationship with ENSO and its effective removal. The same residuals still have a strong relationship with DMI in (C), but this
signal is accounted for by Equation 4, leaving residuals without ENSO or 10D signal (D).
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var(r.CHL_;) — var(r. CHL_;_g)
var(CHL)

V. CHL g = (8)

Where var(r.CHL_;) and var(r.CHL_;_g) are the residual
variances from Equations 5 and 7, respectively; var(CHL) is the
variance of the interannual Chla anomalies. Similarly, the variance
associated with the purely IOD-related CHL was calculated as the
difference between the residual variances derived from Equations 2
and 4, in relation to the variance of CHL.

3 Results and discussion
3.1 Biological response

Figures 5 and 6 illustrate the regions of pronounced IOD- and
ENSO-induced variability of vertical Chla in the upper mixed layer
(0-50 m), below the mixed layer (50-100 m), and within the entire
euphotic layer (0-100 m), respectively. In the NIO, regions
exhibiting pronounced Chla anomalies associated with IOD and
ENSO include the Central Arabian Sea (CAS, 60°~70°E, 5°~15°N),
the Southern Tip of India (STI, 70°-82°E, 0°~10°N), the Seychelles—

10.3389/fmars.2025.1523434

Chagos Thermocline Ridge (SCTR, 50°-82°E, 10°-2°S), and the
Eastern Equatorial Indian Ocean (EEIO, 90°-100°E, 10°S-0°).

The application of partial regression techniques allows for the
statistical identification of anomalous signals that are “purely”
connected to a single climate mode (e.g., IOD) after the exclusion
of the linear signal associated with a different climate mode (e.g.,
ENSO; Currie et al., 2013; Pandey et al., 2019). Figure 5 shows the
effects of pure IOD on the vertical variability of phytoplankton at 0-
50 m, 50-100 m, and 0-100 m, respectively. IOD exerts striking
control on Chla at different layers, developing in summer and
intensifying in fall. In the 0-50 m layer, a significant positive Chla
anomaly continuously develops and intensifies from summer to fall
in the EEIO (Figures 5A, B), while strong negative Chla anomalies
appear in the CAS, SCTR, and STL Although the effect of IOD on
Chla is relatively weak at 50-100 m, it exhibits the opposite
tendency from the 0-50 m layer, with significant positive Chla
anomalies appearing in the SCTR and STI (Figures 5E, F). In
general, the effect of pure IOD on the vertical structure of Chla
anomalies is frequently asymmetric within the entire euphotic layer
(0-100 m), with fluctuations at 0-50 m being significantly stronger
than those at 50-100 m. Additionally, IOD-related Chla anomalies
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The effect of IOD on the Chla anomalies at (A—D) 0-50 m, (E-H) 50-100 m, and (I-L) 0-100 m in the NIO, as indicated by the partial regression
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2019, and only the coefficients exceeding a significance level of 90% were plotted in (A-L). The geographic boxes represent the selected typical

regions. Season abbreviations as in Figure 5.

in the 0-100 m layer show similar patterns to those in the 0-50 m
layer (Figures 51, L). However, it is essential to emphasize that the
intensity of the Chla anomaly within the entire euphotic layer (0-
100 m) is significantly weaker than that in the 0-50 m layer
(Figures 5M-T).

As shown in Figure 6, the biological response to ENSO in the
NIO is generally weaker compared to IOD. From summer to fall,
ENSO-induced negative Chla anomalies at 0-50 m are found in the
CAS and STI. During winter and spring, ENSO dominates the
vertical variability of Chla anomalies in the CAS and SCTR. The
largest ENSO-related Chla anomaly signal appears to be observed in
the SCTR. The negative Chla anomalies at 0-50 m layer are
gradually weakened in the CAS (Figures 6C, D), accompanied by
continuously increasing negative (positive) Chla anomalies in the
0-50 m (50-100 m) layer in the SCTR from winter to spring
(Figures 6G, H). Compared with 10D, the occurrence of ENSO-
related Chla anomalies is typically delayed by at least one season
(Figure 6). Previous studies have revealed that ENSO has a weaker
and delayed effect on surface phytoplankton anomalies compared to
IOD (Currie et al,, 2013; Pandey et al,, 2019). This study further
confirmed that the lagged effect of ENSO is ubiquitous within the
entire euphotic layer (0-100 m) in the NIO (Figure 6). Like IOD, the
opposite change of ENSO-induced Chla anomalies at different
depths significantly reduces the variation in Chla anomalies
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within the whole euphotic layer (0-100 m, Figures 6M-T). This
also implies that relying solely on changes in surface phytoplankton
may not accurately reflect IOD- and ENSO-induced phytoplankton
anomalies in the whole euphotic zone.

The vertical distribution of phytoplankton in the NIO is
primarily constrained by the availability of nutrients (Currie et al,
2013; Hu et al.,, 2023; Li et al., 2022; Liao et al., 2020). Thermocline
dynamics processes significantly regulate nutrient supply within the
upper mixed layer through vertical mixing and transport (Ma et al.,
2014; Marshall et al., 2023; Shi et al., 2023; Williams and Follows,
2003). The shallow thermocline induced by upwelling Rossby waves
can facilitate the transport of nutrients into the upper ocean. Within
the euphotic layer, the nutrients are rapidly utilized by the biota and
contribute to the intense biological activities (Cipollini et al., 2001; Ma
et al,, 2014; Uz et al., 2001). Despite sufficient light support in the
tropical Indian Ocean, oligotrophic conditions prevail in the upper
mixed layer due to strong stratification, resulting in a lower biomass
in the mixed layer (Figure 1; Hu et al, 2022; Keerthi et al, 2013).
Here, we found that Chla anomalies at 0-50 m are negatively related
to thermocline depth mainly in these typical regions (Figure 74, i.e.,
CAS, STI and SCTR). Thus, IOD- and ENSO-linked thermocline
depth anomalies in the CAS, STI, and SCTR may displace subsurface
nutrient-rich waters from the bottom mixed layer, thereby limiting
phytoplankton growth at 0-50 m. Phytoplankton dynamics have
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(A) Regression of 0-50 m Chla anomalies with D20 anomalies. (B) Regression of 50-100 m Chla anomalies with D20 anomalies. The coefficients
from a simple linear regression during 2000-2019 were plotted when exceeding a significance level of 90%.

traditionally been attributed to the changes in “bottom-up”
environmental variables that influence phytoplankton division
rates, such as nutrients and light (Behrenfeld and Boss, 2014). In
addition, the ecosystem may also influence phytoplankton biomass
via top-down grazing and sinking controls (Arteaga et al., 2020).
IOD- and ENSO-induced deeper thermocline may exacerbate the
oligotrophic environment in the mixed layer (0-50 m), hence
reducing the phytoplankton cell density and predator-prey
encounter rates within the euphotic layer. At the same time, our
results confirm that Chla anomalies at 50-100 m have a significant
positive correlation with D20 in the CAS, ST1, and SCTR (Figure 7B).
Therefore, the low grazer concentrations, and the IOD- and ENSO-
induced deeper thermocline may also drive the vertical migration of
phytoplankton and nutrients from the upper mixed layer to the
deeper layers (Behrenfeld and Boss, 2014; Wirtz et al,, 2022), thus
increasing phytoplankton biomass at 50-100 m. Overall, the IOD-
and ENSO-induced anomalous dynamic (thermocline depth) and
thermodynamic (temperature) variability exerts a significant
influence on the marine biological processes (Keerthi et al., 2013; Li
et al, 2021; Ma et al.,, 2014; Rao et al., 2002, 2010; Saji et al., 1999;
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Schott et al., 2009; Yue et al., 2021). The details will be discussed in the
next section.

3.2 Physical response

The changes in SSW, SST, and D20 triggered by IOD and ENSO
events have been extensively documented in scientific literature
(Abram et al., 2020; Horii et al., 2008; Saji et al., 1999; Schott et al.,
2009; Yue et al, 2021). Here, we mainly focus on the physical
processes (i.e., upwelling, the mixed layer depth and the
thermocline depth) that are closely related to the vertical
distribution of phytoplankton.

Figure 8 shows how IOD affects physical processes in the NIO.
The physical variability triggered by IOD events intensifies in
summer and peaks in fall, which is characterized by the zonal
gradients of D20 in the equatorial region (Figures 8A, B). Changes
in D20 are directly driven by local wind anomalies (Figure 8, Li
etal., 2022; Rao et al., 2002). During summer and fall, a pronounced
easterly anomaly develops over the equator, leading to the

09 frontiersin.org


https://doi.org/10.3389/fmars.2025.1523434
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hu et al. 10.3389/fmars.2025.1523434
(2) IOD: Summer ~ (b) [OD: Fall (c) IOD: Winter
e - | ‘L_ i . I
48°E 60°E 72°E B4E 96°E  48°E 60°E 72°E B84°E 96°E  48°E 60°E 72°E 84°E 96°E  48°E GOE 72°E  84°E  96°E
10 5 0 5 10
Section A:temperature Partial regression coefficient (m)
0 e) 'I"(')]% Summer () IOD: Fall (g) IOD: Winter (h) IOD: Spring
| T T T r’ TTTT TTTT T ]
£ v Q 0
-~ E [ 4
£ . 2 !
£ 100 ’Q ' ﬂ ' e Y ‘ «
) . 20 |
g . |
200
40 60 80 10040 60 80 100 40 60 80 10040 60 80 100
Longitude(°E) Longitude(°E) Longitude(°E) Longitude(°E)
Section B:temperature
5 i) IOD: Summer" _ i) IOD: Fgll _— (k) IOD: Winter (1) IOD: Spring
£ 100 \ F 3 » r' 4
[ § 4
o 5 _ilf |
200 —
40 60 80 100 40 60 80 100 40 60 80 10040 60 80 100
Longitude(°E) Longitude(°E) Longitude(°E) Longitude(°E)
| SN SEE——
-1 -0.5 0 0.5 1
Partial regression coefficient (°C)
FIGURE 8
(A—D) The effect of IOD on SSW (arrows), D20 (shading), and MLD (contours), as indicated by the partial regression of their anomalies regressed on
the 10D index (DMI), after excluding the ENSO signal (Equations 2—4). The red and blue contours in (A—D) represent positive and negative MLD
anomalies, respectively. (E—H) and (I-L) same as (A-D), but for vertical temperature in section A (40°-100°E, 0-16°N) and section B (40°-100°E, 10°
S-0), respectively. Regressions were performed for the years 2000-2019, and only the coefficients in (A—D) exceeding a significance level of 90%
were plotted in (A—D). The stippled area in (E—L) indicates the significance at a 90% significance level.

generation of upwelling-favorable equatorially trapped Kelvin
waves. These waves propagate into the eastern ocean, causing
shoaling of the D20 index in the eastern equatorial region (see
Figures 8A, B; Rao et al, 2010). The vertical structure of the
upwelling shaped by the coastal trapped Kelvin waves is indicated
by the lower temperature at 0-175 m in the eastern Indian Ocean
(Figures 8E, F, I, ]). The cold anomaly center existed at 30-100 m
depth in the range of 90°-100°E (Figures 8E, F, I, J). Thus, the
strong upwelling associated with the shallower thermocline depth
might be related to the significantly positive Chla anomaly signal in
the EEIO. However, compared to the southern hemisphere regions
(Section B, 40°-100°E, 10°S-0), the IOD-linked upwelling signals in
the northern hemisphere (Section A, 40°-~100°E, 0-16°N) do not
result in corresponding signals in the overlying temperature
anomalies (0-30 m) due to the stronger near-surface salinity
stratification in the southern part of the BoB (Figures 8E, F;
Sarma et al., 2016). Thus, the corresponding biological response is
also restricted to the subsurface layer (50-100 m) in the southern
BoB (Figures 5A, E).

Simultaneously, an upwelling Rossby wave is reflected offshore to
the west on either side of the equator. As shown in Figures 8A and B,
this phenomenon can be observed as two negative D20 anomaly
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lobes. Further west along the equator, the physical processes are
primarily influenced by off-equatorial convergence, which is driven
by Ekman pumping on the flanks of the equatorial easterly anomaly
(Figure 8, Currie et al,, 2013). As a result, the STI and SCTR regions
exhibit a deeper D20, which propagates westward as symmetrical
downwelling Rossby wave signals on both side of the equator in fall
(Figure 8B). Significant downwelling due to IOD-related deepening of
the thermocline depths is also well characterized by subsurface
warming in the STI (Section A, 60°-80°E, Figure 8F) and SCTR
(Section B, 60°-80°E, Figure 8]) regions. The enhanced downwelling
centers are in the SCTR during fall, with subsurface warm anomalies
extending to a depth of 200 m (Figures 8], ). Downwelling affects the
nutrient supply in the euphotic zone, which is essential to support the
growth of phytoplankton in different layers. Thus, the IOD-related
stronger downwelling in the STI and SCTR regions may facilitate the
formation of opposing biological signals in the 0-50 m and 50-100 m
layers. Further west, in the CAS, an IOD-linked shallower MLD
anomaly is identified (Figure 8A), which may account for the
significant negative Chla anomaly at the 0-50 m layer (Figure 5A).
Like IOD, ENSO has exerted a strong influence on the tropical
Indian Ocean thermocline during the last two decades (2000-2019,
Figures 9C, D). When the IOD-related D20 and temperature signals
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dissipate in winter (Figure 8C), the influence of the ENSO signal
strengthens in winter and peaks in the following spring (Figures 9C, D),
lasting about one season. Compared to IOD, ENSO-linked equatorial
easterly wind anomalies also result in a shallower D20 in the EEIO
(Figure 9C, Rao and Behera, 2005). At the same time, the D20 deepens
in the SCTR region in response to Ekman pumping (Figures 9C, D;
Currie et al, 2013). In the southern hemisphere (Section B), these
subsurface anomalies are much larger than those of the IOD
(Figures 6K, L). The deeper D20 and amplified MLD interact with
the normally shallow SCTR to make the downwelling more noticeable
and persistent in the SCTR region (Figures 9K, L, Dilmahamod et al,,
2016; Yokoi et al., 2008). Meanwhile, the ENSO-related downwelling
warm center is located at a depth of 10-100 m (Figures 9K, L), which is
significantly shallower than that of the IOD. The relatively shallower
downwelling provides favorable conditions for positive Chla anomalies
below the mixed layer (50-100 m, Figure 6H). However, in the EEIO
(Section A), the strong upwelling induced by the equatorial easterly
anomaly is persistently limited to depths below 50 m. This
phenomenon can be attributed to the monsoon-related wind
reversal in the southern BoB (see Figures 9C, D, Schott et al,, 2009),
which inhibits the upwelling of cold, nutrient-rich waters into the

10.3389/fmars.2025.1523434

upper mixed layer (see Figures 8G, H). Consequently, this limits
biological activity within the entire euphotic layer (0-100 m, Figure 6).

3.3 Vertical structure in key regions

As shown in Figures 5, 6 and 8, 9, the biological and physical
responses to ENSO and IOD forcing exhibit spatial and temporal
differences. Here, we examine the vertical structure of the Chla
anomalies and their seasonality in more detail by focusing on
several key regions (i.e., CAS, STI, SCTR, and EEIO; Figure 10),
where exhibit the strongest IOD- and ENSO-induced physical and
biological signals in the NIO (Figures 5-9).

In the CAS region, the largest negative Chla anomalies at the 0-
50 m layer in summer respond to pure IODs (Figure 10A), as
indicated by a relatively high variance explained rate (~40%,
Figure 10A). These negative anomalies follow a MLD shoaling
and coincide with warmer-than-normal temperature at the 0-50 m
layer (Figure 8E). In winter, the biological activity in the CAS is
mainly influenced by ENSO, with a larger proportion of vertical
variability of Chla (40~50%, Figure 11C). Similar to IOD, significant
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FIGURE 9

(A—D) The effect of ENSO on SSW (arrows), D20 (shading), and MLD (contours), as indicated by the partial regression of their anomalies regressed on the
ENSO index (MEI), after excluding the IOD signal (Equations 5-7). The red and blue contours in (A—D) represent positive and negative MLD anomalies,
respectively. (E—-H) and (I-L) same as (A-D), but for vertical temperature in section A (40°-100°E, 0-16°N) and section B (40°~100°E, 10°S-0),
respectively. Regressions were performed for the years 2000-2019, and only the coefficients in (A—D) exceeding a significance level of 90% were
plotted in (A—D). The stippled area in (E—L) indicates the significance at a 90% significance level.
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(A—H) Seasonal evolution of the IOD—- and ENSO—-induced Chla anomalies (CHL) during 2000-2019. ENSO and 10D effects are indicated by partial
regression coefficients (Equations 2—4 for pure IOD effect; Equations 5-7 for pure ENSO effect). (A, B) The Central Arabian Sea (CAS). (C, D) The
Southern Tip of India (STI). (E, F) The Seychelles—Chagos Thermocline Ridge (SCTR). (G, H) The Eastern Equatorial Indian Ocean (EEIO).

negative Chla anomalies in the 0-50 m layer are observed in
response to ENSO in winter (Figure 10B). Conversely, ENSO-
related weak positive Chla anomalies are found at the 50-100 m
layer (Figure 10B). Meanwhile, the ENSO causes a deeper
thermocline and MLD shoaling, and soon thereafter, a warm
temperature at 0-100 m from winter to spring (Figures 9G, H).
The IOD- and ENSO-induced shallower MLD likely contributes to
lower nutrient concentrations at the 0-50 m layer (Hu et al., 2021),
thereby limiting the phytoplankton growth in the mixed layer (0-50
m). In addition, the deeper thermocline in the CAS can result in
downwelling following the spring ENSO event (Figure 9D), which
further exacerbates the oligotrophic environment in the upper
mixed layer. The downwelling process also transports
phytoplankton and nutrients from the mixed layer to the deeper
layer (50-100 m).

In the STI region, the largest negative Chla anomaly is closely
related to IOD and occurs in summer and fall (Figure 10C). IOD
induces a significant opposite change trend at 0-50 m and 50-100 m.
The positive IOD can lead to a significant negative (positive) Chla
anomaly at 0-50 m (50-100 m) in fall (Figure 10C). In addition, we
found that the co-occurrence of ENSO and IOD during summer and
fall explains a relatively high proportion of the Chla anomalies
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(~40%; Figures 11E, F). In the STI, the vertical distribution of Chla
is shaped by the open-ocean upwelling, which is primarily driven by
the summer monsoon and Rossby wave propagation (Hu et al., 2022;
Lietal, 2021; Rao et al., 2010). Here, deeper D20 develops in summer
and fall, a result of subsurface warm anomalies triggered by
downwelling Rossby waves following a positive IOD and El Nifno
(Figures 8B, 9A). Thus, the vertical change of Chla anomalies in
summer and fall may be reinforced by the co-occurring I0OD and
ENSO (Figure 9A), due to the similar effects on the thermocline depth
in summer and fall (Figures 8B, 9A). The basin-scale response of
Indian Ocean phytoplankton to co-occurring events appears to be
weak due to opposing regional signals, as observed by Currie et al.
(2013). However, in the STI, the co-occurring ENSO and IOD in
summer and fall can directly affect the intensity of the open ocean
upwelling (Figures 8F, 9E; Li et al., 2021), which would be responsible
for the stronger vertical change of the Chla anomalies. During winter
and spring, there appears to be a lack of coupling between the 0-50 m
temperature and thermocline depth anomalies (Figures 9C, D, G, H)
in the STT, likely due to the intense horizontal advection driven by the
easterly anomaly (Figures 9C, D), as well as the stratified barrier layer
that isolates the surface temperature from the influence of subsurface
upwelling (Figures 9G, H; Currie et al.,, 2013; Schott et al.,, 2009).
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Thus, the upwelling cold waters hardly introduce nutrients into the
euphotic zone (Figures 9G, H), and ENSO-related Chla anomalies
appear to be relatively weak in the STI region (Figures 10D).

In the SCTR region, the percentage of variance of the
interannual Chla anomaly explained by the DMI and MEI indices
reached 60% (Figures 111-L). The pure IOD and ENSO significantly
affect the vertical structure of Chla anomalies during summer—fall
and winter-spring, respectively. IOD and ENSO trigger a negative
(positive) Chla anomaly at 0-50 m (50-100 m) (Figures 10E, F).
Meanwhile, the variability of D20 is consistent with changes in
surface and subsurface temperatures in response to IOD and ENSO
(Figures 8A, B, 1, ], 9C, D, K, L). In summer and fall, deeper D20
associated with the positive IOD leads to a strong downwelling, as
indicated by significant warm anomalies in the subsurface layer
(50-100 mj; Figures 8A, B, I, ]J). The stronger downwelling can
facilitate the removal of nutrients from the upper mixed layer
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(McGillicuddy, 2016), thus limiting phytoplankton growth at 0-
50 m (Figure 10E). At the same time, the downwelling and
oligotrophic environment in the 0-50 m depth layer might push
phytoplankton deeper within the euphotic layer (Behrenfeld and
Boss, 2014; McGillicuddy, 2016), resulting in an increase in Chla at
50-100 m (Figure 10E). In winter and spring, we found that
significant vertical variability in Chla anomalies is associated with
pure ENSO (Figure 10F). ENSO-related thermocline anomalies
dominate the vertical distribution of Chla from winter until the
following spring (Figure 9). Different from a positive IOD event, the
subsurface phytoplankton (50-100 m) increases strongly during El
Nifio, linked to the relatively shallow subsurface warming in winter
and spring (Figures 9K, L). This result differs from the findings of
Currie et al. (2013) and Rao et al. (2002), which suggest that the
interannual vertical variability of phytoplankton in the tropical
Indian Ocean is primarily driven by the IOD. However, in the SCTR
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region, the deeper MLD and shallower thermocline may be
intensified during El Nifo events in the winter and spring
(Figure 9), which may weaken the downward transport of
phytoplankton and nutrients from the euphotic zone, thereby
sustaining subsurface phytoplankton growth (50-100 m, Figure 9F).

In contrast to the above, a significant positive (negative) Chla
anomaly occurs at 0-50 m (50-100 m) occurs in the EEIO following
a positive IOD event (Figure 10G). Most previous studies have
focused only on surface phytoplankton blooms in the EEIO
(Pandey et al., 2019; Susanto and Marra, 2005; Vinayachandran
etal, 2021). Here, the coastal upwelling induced by a strong easterly
anomaly can result in the entrainment of nutrients into the euphotic
zone (Williams and Follows, 2003), hence boosting phytoplankton
growth at 0-50 m. At the same time, the upward vertical transport
processes induced by coastal upwelling, along with more plentiful
light, allowed the subsurface phytoplankton to migrate upward,
resulting in a modest decrease in phytoplankton at 50-100 m
(Figure 10G). In addition, ENSO seemingly exerts a significant
influence on the thermocline during winter and spring (Figures 9C,
D). However, the monsoon-induced wind reversal in the northern
hemisphere limits the subsurface upwelling to inject deep nutrients

10.3389/fmars.2025.1523434

into the euphotic layer in the EEIO (Figures 9K, L). Therefore,
ENSO have minor influence on the vertical Chla anomalies in
winter and spring (Figure 10H).

4 Conclusions

This study demonstrates that IOD and ENSO induce the
opposite changes in phytoplankton at depths of 0-50 m and 50-
100 m in the NIO. Changes in phytoplankton are often asymmetric
across the euphotic layer, with the effects of ENSO and IOD being
significantly more pronounced at 0-50 m than at 50-100 m. During
summer and fall, in the CAS, STI, and SCTR, IOD-induced wind
anomalies lead to the shallower MLD and deeper D20, which can
push nutrient-rich waters into the deeper layer and thus limit
phytoplankton growth at 0-50 m (Figure 12). At the same time, the
increase in phytoplankton occurs in the subsurface layer (50-100
m) because of the downward transport processes of nutrients and
phytoplankton. Moreover, due to upwelling caused by a strong
easterly anomaly, the IOD-related phytoplankton anomalies in the
EEIO exhibit opposite signals compared to other regions over the

(a) IOD (Summer/Fall)

- Thermocline
depth
— Vertical
/ mixing
warming
I cooling
& Nutrient

Rossby wave

-

decrease

FIGURE 12

(A, B) Schematic diagram for the vertical variability of phytoplankton within the entire euphotic layer, illustrating the response of phytoplankton to
10D and ENSO events in several key regions in the NIO. (A) IOD effect. (B) ENSO effect.
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NIO (Figure 12A). During winter and spring, ENSO has a stronger
negative (positive) effect at 0-50 m (50-100 m), due to the local
wind anomalies and downwelling Rossby waves. However, in the
STI and EEIO, the monsoon-related wind reversal prevents the
injection of cold, nutrient-rich water from the deep into the upper
layer, thereby limiting vertical biological activity (Figure 12B). The
findings may prove valuable in elucidating the response of
phytoplankton to variations induced by oceanic dynamics and
wind intensity in the context of climate change.

Moreover, the variance explanation rate also shows that IOD
and ENSO have limitations in explaining the vertical variability of
interannual phytoplankton (<60%; Figure 11). It is evident that
there are regions in the NIO where the vertical variability of
phytoplankton is not influenced by either IOD or ENSO. While
this study focused solely on two main climate modes (IOD and
ENSO), previous studies have illustrated the importance of the
intra-annual climate perturbation (e.g., Indian Ocean basin mode,
Indian monsoons) and mesoscale phenomena (e.g., eddies, fronts).
Complex interactions between the intra-annual climate
perturbation and mesoscale phenomena in the Indian Ocean may
also influence phytoplankton productivity in the upper ocean (Jiang
etal., 2022; Schott et al., 2009; Wang et al., 2021). Future studies will
explore how mesoscale features, such as eddies and fronts, interact
with IOD and ENSO to influence vertical phytoplankton dynamics
in the NIO. Thus, it is therefore important to be cautious when
interpreting the vertical structure of phytoplankton anomalies in
the context of air-sea interaction processes.
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