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Abstract Recent studies have shown that the Indian Ocean is warming significantly, but how this warming
impacts primary production is largely unresolved due to a relative lack of depth‐resolved biological
observations. In this study, we have used Biogeochemical‐Argo data from 2013 to 2022, comprising over 9,000
individual profiles, to examine regional patterns and trends in depth‐integrated chlorophyll, depth‐integrated net
primary production and stratification in the northern and Equatorial Indian Ocean. Our analysis shows that water
column stratification is increasing in the majority of the study area, with the highest rate of increase observed in
the western Bay of Bengal. At the same time, we find that depth‐integrated chlorophyll and depth‐integrated net
primary production show an increasing trend in most parts of the Bay of Bengal, the western Arabian Sea, and
some parts of the Equatorial Indian Ocean. However, the eastern Arabian Sea, the northern Bay of Bengal, and
other parts of the Equatorial Indian Ocean have experienced a decrease in depth‐integrated chlorophyll and net
primary production. The Indian Ocean Dipole and El Niño Southern Oscillation were found mostly to be weakly
negatively correlated with the depth‐integrated chlorophyll and depth‐integrated net primary production in the
northern Indian Ocean. Our results show that depth‐integrated chlorophyll and depth‐integrated net primary
production are not strongly or consistently correlated with stratification within our study region, suggesting that
the projected increases in stratification with ocean warming in this region may not drive concurrent reductions in
primary production.

Plain Language Summary It is widely believed that increased upper ocean warming will result in
decreased primary production. The Indian Ocean has experienced significant warming over recent years;
however, a relative lack of water column measurements of chlorophyll has hampered our ability to determine
relationships between productivity and thermal stratification driven by warming. Thanks to the global
Biogeochemical‐Argo program, which deploys autonomous floats equipped with biogeochemical sensors that
measure chlorophyll as well as a host of other ocean variables, we have 10 years of data from the northern Indian
Ocean to determine the relationship between chlorophyll, net primary production and stratification in this basin.
Our analysis shows that there is no strong correlation between depth‐integrated chlorophyll, net primary
production and stratification. Although stratification is increasing across the Indian Ocean, trends in chlorophyll
and net primary production vary regionally, suggesting that increasing stratification will not necessarily result in
reduced primary production in all parts of this basin.

1. Introduction
The Indian Ocean has experienced rapid basin‐wide sea surface temperature (SST) warming due to climate
change, with an average rise of 1°C between 1951 and 2015, and observations show that the Indian Ocean Warm
Pool (IOWP), defined as water with SST values greater than 28°C, is significantly expanding (Roxy et al., 2020).
Future climate projections suggest that the warming of the Indian Ocean will continue. Several studies have
explored the effect of ocean warming on primary production in the Indian Ocean, but the impact of increased
warming and stratification on productivity in this basin remains an open question. It has been widely hypothesized
that climate change‐induced ocean warming will result in a decrease in primary production due to increased
stratification in the surface ocean (Richardson & Bendtsen, 2019). This increased stratification would result in a
weakening of upward nutrient fluxes from depth, thereby reducing new production (Cermeño et al., 2008; Li
et al., 2020). Changes in the stratification of the surface ocean can have significant impacts on phytoplankton
growth and abundance. However, the effect of changes in stratification in driving trends in depth‐integrated
chlorophyll remains an unresolved question.
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Martinez et al. (2009) considered SST as an indicator of ocean stratification and based on ∼20 years of satellite
data (1980–2000) revealed that most parts of the Indian Ocean exhibited a parallel increase in surface chlorophyll
and SST. By contrast, Dave and Lozier (2013) found that the strength of the correlation between stratification and
surface chlorophyll in the Indian Ocean varied regionally, and overall found no strong correlation between these
quantities. Additionally, they did not identify a significant time trend in chlorophyll in this region, but did find a
decreasing trend in stratification across the low‐latitude ocean due to faster warming of subsurface waters
compared to the surface. Therefore, upper ocean warming does not always result in increased stratification. A
combined data and model‐based study (Roxy et al., 2016) found a decrease of up to 20% in phytoplankton
biomass in the western Indian Ocean over the past six decades due to enhanced ocean stratification caused by
surface warming. Similarly, a study using satellite data and Earth System Model solutions (Modi & Koll, 2023)
found that in the tropical Indian Ocean, marine primary productivity decreased over the 1998–2022 period,
particularly in the Arabian Sea (AS) and the coastal regions of the Bay of Bengal (BoB). Long‐term remote
sensing data from 1998 to 2015 were assimilated into an ocean biogeochemical model, which estimated a sig-
nificant decline in annual primary production in the northern and Equatorial Indian Ocean; this decline is
associated with the shoaling of the mixed layer and reduced nutrient inputs (Gregg &Rousseaux, 2019). Although
warmer ocean temperatures can lead to a shallower mixed layer and increased light availability that initially
promote phytoplankton growth (Gregg, 2005), phytoplankton can quickly deplete available nutrients in the well‐
illuminated mixed layer. As a result, surface abundance may decline while phytoplankton accumulate at greater
depths, forming a layer of higher chlorophyll concentration that coincides with the nutricline (Somavilla
et al., 2019). Although warming has occurred in the northern Indian Ocean, net primary production (NPP) has
exhibited a significant increasing trend (2009–2019) in some parts of the basin (Kuttippurath et al., 2023),
particularly in the western AS and the western BoB. Behrenfeld et al. (2006) found a reduction in NPP over most
of the tropics due to increased stratification, but suggested an increase in NPP over the western Indian Ocean from
1998 to 2004. Using remote sensing data from 1998 to 2019, Dalpadado et al. (2021) found no significant trends
of chlorophyll and NPP in most of the Indian Ocean. Sridevi et al. (2023) found a weak positive trend in NPP in
the northern Indian Ocean and suggested that it was associated with an increase in the rate of nutrient deposition
from atmospheric aerosols. Atmospheric deposition generally plays a minor role in the northern Indian Ocean
(Singh et al., 2012). However, nitrogen deposition can offset the climate‐driven decline in primary productivity
trends in the central AS and the western BoB (Malsang et al., 2024). Overall, the differing results and conclusions
from these studies show that there is currently no clear understanding of the relationship between stratification
and depth‐integrated chlorophyll and NPP, nor how they vary spatially in different parts of the Indian Ocean.

Most of the previous studies relating chlorophyll, primary production and stratification have either been con-
ducted over a global domain (Behrenfeld et al., 2006; Dave & Lozier, 2013; Gregg, 2005; Martinez et al., 2009),
or confined to a specific sub‐basin of the Indian Ocean, such as the AS (Goes et al., 2005; Sun et al., 2023).
Hammond et al. (2020) highlighted the importance of considering chlorophyll changes at a regional level. The
BoB is characterized by low biological productivity compared to the AS, primarily due to weak vertical mixing
and relatively weaker winds (Xu et al., 2021). Rainfall and river discharge freshen the upper BoB by 3–7 PSU, and
SST can be 1.5–2°C warmer than in the central AS, contributing to strong stratification in the BoB (Prasanna
Kumar et al., 2002). Stratification can inhibit surface chlorophyll concentrations but may enhance chlorophyll in
the subsurface (Xu et al., 2021). By contrast, the AS is one of the most biologically productive regions in the
world, driven by wind induced mixing, open ocean upwelling, and lateral advection, which supply nutrients to the
euphotic zone (S. P. Kumar et al., 2009). Therefore, because of their geographical position and different physical
and dynamical regimes, depth‐integrated chlorophyll in these sub‐basins of the northern Indian Ocean are ex-
pected to respond differently.

Two important climate modes affecting this region are the Indian Ocean Dipole (IOD) and El Niño Southern
Oscillation (ENSO); both have a significant influence on ocean productivity because these climate modes impact
on upwelling, vertical mixing, mixed layer depth and sea surface temperature (Pandey et al., 2019). ENSO is
driven by ocean‐atmosphere interactions in the tropical Pacific and consists of a cycle of warm El Niño and cold
La Niña phases (McPhaden et al., 2006). Likewise, the IOD is driven by SST variability, where the western Indian
Ocean alternately becomes warmer or cooler than the eastern basin, accompanied by corresponding changes in
precipitation and wind patterns (N. H. Saji et al., 1999). Previous work has shown that observed chlorophyll
concentrations in the Indian Ocean are impacted by both ENSO and IOD climate modes. Chlorophyll in the
eastern EIO in fall and the southern BoB in winter are primarily related to IOD forcing, whereas ENSO has a
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greater influence than IOD on chlorophyll in the Somalia upwelling region (Currie et al., 2013). In the eastern
Arabian Sea, IOD and surface chlorophyll concentration is significantly and negatively correlated; therefore,
during frequent positive IOD years, surface chlorophyll concentration is likely to decrease. However, during
negative IOD due to increased Ekman suction and coastal upwelling, surface chlorophyll increases (Sankar
et al., 2019). ENSO has a weaker influence on tropical thermocline variations than IOD and changes in this
thermocline depth control the proximity of nutrient rich subsurface water to the euphotic zone and thus affect
phytoplankton productivity (Currie et al., 2013). The influence of El Niño on chlorophyll anomalies is weaker
compared with the influence of IOD over the northern Indian Ocean (Pandey et al., 2019). However, much of this
previous work is based on satellite‐derived surface chlorophyll concentrations, which do not consider how depth‐
integrated chlorophyll might be related to these climate modes and how this relationship varies regionally. In
tropical and subtropical ocean regions, the bulk of chlorophyll is often found at depth in deep chlorophyll maxima
(Cornec et al., 2021), which may not be well resolved by satellites. Therefore considering the full water column
distribution of chlorophyll, not just surface distribution, will likely shed new light on the impact of climate modes
such as IOD and ENSO on primary productivity in the Indian Ocean.

Phytoplankton play an important role in the biogeochemical cycles of many elements important to the global
climate system, they are also responsible for half of the photosynthetic activity on earth (Field et al., 1998; Fox
et al., 2020; McCluskey et al., 2022). Chlorophyll concentration is usually used as a proxy for phytoplankton
abundance (McCluskey et al., 2022). The growth rate and abundance of phytoplankton, and the concentration of
chlorophyll, are largely controlled by the availability of nutrients (e.g., nitrate, phosphate), water temperature and
light (Li et al., 2020). These phytoplankton growth limiting factors are regulated by a wide range of physical
processes, for example, mixed‐layer dynamics, ocean circulation, upwelling, solar cycle, atmospheric dust
deposition (Behrenfeld et al., 2006). Only about 25% of global primary production occurs in the upper 10 m, and
subsurface primary production increases in regions with a deeper nutricline (Bendtsen et al., 2023). At latitudes
where solar radiation is abundant, such as in the tropical and subtropical Indian Ocean, the production of new
biomass is primarily determined by the vertical supply of nutrients into the euphotic zone (Falkowski et al., 1998).
In tropical regions like the Indian Ocean, chlorophyll concentrations are typically higher below the mixed layer,
near the base of the euphotic zone, usually between 50 and 200 m; the depth at which this chlorophyll maximum
occurs is referred to as the deep chlorophyll maximum (DCM) (Mignot et al., 2014). The DCM occurs at the depth
where optimal levels of light and nutrients coincide (Jayaram et al., 2021). Therefore, in subtropical and tropical
oceans, surface chlorophyll concentrations are often not representative of the overall phytoplankton abundance of
the water column.

Though several previous studies have used remote‐sensing, modeling and/or sparse in situ chlorophyll data
largely from the surface ocean (Martinez et al., 2009; Roxy et al., 2016; Sridevi et al., 2023), a lack of depth‐
resolved sub‐surface chlorophyll data collected over several years has limited the scope of that previous work.
Chlorophyll concentrated at the base of the Mixed Layer Depth (MLD) is invisible to satellites, often reflecting
nutrient depletion in the overlying waters (Strutton et al., 2023). Traditional approaches using ships and moorings
require expensive instrumentation and not all areas of the Indian Ocean are accessible. These have limitations in
terms of temporal, horizontal, and vertical measurement resolution. Satellites can provide productivity estima-
tions with enhanced space‐time coverage but have limitations in terms of accuracy of satellite ocean color ob-
servations and are not capable of detecting subsurface information where chlorophyll may still be significant
(Izett et al., 2023). Thanks to the deployment of Biogeochemical‐Argo (BGC‐Argo) floats, that are equipped with
biogeochemical sensors (Bittig et al., 2019), in situ subsurface measurements of biogeochemical variables over a
range of temporal and spatial scales are now becoming available for many historically under‐sampled ocean
regions, including the Indian Ocean. Data from BGC‐Argo floats have been used in a small number of studies of
biogeochemical processes in the Indian Ocean, such as along‐track chlorophyll variability (Jayaram et al., 2021),
chlorophyll responses to the passage of a cyclone (Jayaram et al., 2019), inter‐annual and intra‐seasonal vari-
ability of dissolved oxygen (Prakash et al., 2012), and the depth‐distribution of chlorophyll and particulate
organic carbon in mesoscale eddies (Strutton et al., 2023). However, this wealth of depth‐resolved chlorophyll
data from the Indian Ocean has so far been underutilized because much of it, although available, has not been fully
quality controlled. In the work presented here, we use all available BGC‐Argo chlorophyll data from 2013 to 2022
to examine the relationship between stratification and chlorophyll, how trends in these quantities have changed
over time, and how climate modes such as ENSO and IOD play a role in modulating the observed trends in the
northern and the Equatorial Indian Ocean.
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2. Data and Methods
2.1. Study Region and Study Period

Our study region encompasses the northern and Equatorial Indian Ocean, which we have defined as extending
from 10°S to 25°N and 50°E to 95°E, and can be further subdivided into sub‐regions defined as follows: the
Arabian Sea (AS), 5°N to 25°N and 50°E to 80°E; the Bay of Bengal (BoB), 5°N to 25°N and 80°E to 95°E; and
the Equatorial Indian Ocean (EIO), 10°S to 5°N and 50°E to 95°E (Figure 1a). Seasonality in this region is
dominated by the South Asian Monsoon, an important driver of physical and biogeochemical processes, and one
can broadly define the summer monsoon as occurring during June through September, and the winter monsoon as
occurring during November through February. The duration of the study period was constrained by the avail-
ability of BGC‐Argo float data, and spans from January 2013 to December 2022 (Figure 1; Figures S1 and S2 in
Supporting Information S1), as very few profiles were available for 2012 when the initial float deployments took
place.

2.2. BGC‐Argo Data

BGC‐Argo floats are equipped with sensors that measure dissolved oxygen, pH, dissolved nitrate, downwelling
irradiance, chlorophyll fluorescence, and particulate back‐scattering coefficient (Bittig et al., 2019) along with
temperature, salinity, and pressure. However, not all BGC‐Argo floats are equipped with all of these sensors. For
this study, we used only float data where both chlorophyll fluorescence and particulate backscattering coefficient
(bbp) were measured, as both of these parameters are needed to estimate net primary production (NPP) from the
float profiles.

Figure 1. Spatial and temporal distribution of BGC‐Argo profiles used in this study: (a) the profile count within each 5° by 5°
spatial bin and within each of the study sub‐regions: Arabian Sea (AS), Bay of Bengal (BoB) and Equatorial Indian Ocean
(EIO) delineated by thick black lines, the blue outlines around the profile counts indicate the bins which have minimum
5 years of data, and the yellow outlines indicate the bins which have a full 10 years of data, (b) the yearly distribution of total
number of profiles for each of the sub‐regions, (c) mean (orange), maximum (blue) and minimum (green) number of profiles
per month within the (c) Arabian Sea, (d) Bay of Bengal and (e) Equatorial Indian Ocean.
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BGC‐Argo data collected within the study region and used for this study were accessed on 20 February 2023
(https://argo.ucsd.edu/data/). We downloaded and used synthetic profile (Sprof) files, which contain all the
profile data for a single float in NetCDF format and provide all of the physical and biogeochemical variable data
along a common pressure axis. For the study period (2013–2022), there were 10,756 vertical profiles from 58
floats within our study region which measured chlorophyll, bbp, temperature, salinity, and pressure (Figure 1).
After applying quality control (QC) checks to the data (described fully in Section 2.3, below), around 10% of the
profiles were discarded due to data quality issues, we retained a total of 9,650 profiles for further analysis. Depth
resolution was not consistent across all the profiles in our reduced QC'd data set, so all of the profile data were
linearly interpolated onto a common regular 1 m depth grid from 1 to 1000 m. All data were checked visually to
detect any drift over time which could indicate sensor drift.

2.3. Quality Control and Adjustment of BGC‐Argo Chlorophyll and bbp Data

BGC‐Argo floats are equipped with WETLABS/Sea‐bird Scientific (SBE) fluorometer sensors (fluorometer with
excitation and emission at 470 and 695 nm) to collect fluorescence data. Chlorophyll‐a concentrations (Chl) are
obtained from raw fluorescence data, following the manufacturer's instructions, by using the equation:

Chl = ( f luorescenceChl − darkChl) × scaleChl (1)

where f luorescenceChl is the chlorophyll‐a signal obtained from fluorescence, scaleChl is the slope of the
calibration equation, and darkChl is the dark value or the measurements taken in the absence of light; scaleChl
and darkChl are both provided by the manufacturer (Schmechtig et al., 2018). In this paper, we use the term
“chlorophyll” to refer to chlorophyll‐a throughout. We quality controlled all of the float chlorophyll data
following recommended BGC‐Argo quality control procedures (Schmechtig et al., 2018). Raw chlorophyll data
were corrected to account for common factors that impact data quality including, but not limited to, biofouling,
instrument drift, and sensor failures. The quality control process includes the exclusion of bad data, dark
correction (removing the median of the minimum chlorophyll from raw chlorophyll values), global range test
(excluding data outside the range of 0 − 50 mg m− 3), and a correction for non‐photochemical quenching (NPQ).
NPQ occurs when phytoplankton are exposed to high irradiance, resulting in a decrease in fluorescence (Cullen &
Lewis, 1995; Su et al., 2021) which can result in falsely identifying a deep chlorophyll maximum (DCM) in
profiles impacted by NPQ. If the maximum chlorophyll observed in a profile is within the upper 90% of the mixed
layer, it is assumed to be due to NPQ, and that maximum value is then extrapolated to the surface (Xing
et al., 2012). The chlorophyll data were further divided by 2, to account for previously identified biases in
conversion from in situ fluorescence to chlorophyll (Roesler et al., 2017).

2.4. NPP Estimation

Net Primary Production (NPP) is defined as gross photosynthetic carbon fixation minus the organic carbon
respired by phytoplankton communities (Yang et al., 2022). To estimate NPP in this study, we applied the carbon‐
based productivity model (CbPM; Yang et al. (2022);Westberry et al. (2008); Behrenfeld et al. (2005)) to the float
data. CbPM has been shown to produce a good agreement between NPP estimated from float data and NPP
estimated from 14C incubations (Yang et al., 2021).

We used bbp data from the floats, which were quality controlled according to recommended BGC‐Argo quality
control procedures (Dall’Olmo et al., 2019), including the following tests: missing data, high deep value, negative
bbp, and noisy profiles. For each profile, the missing data test was performed by dividing the upper 1,000 dbar
into 10 pressure bins; the threshold for a minimum number of data per bin was defined as 1. The high deep value
test was performed to detect any anomalously high bbp values deeper than 700 dbar, and the high deep value
threshold was set at 0.0005 m− 1. A negative bbp test was performed for each profile and any negative bbp values
were removed. To remove noisy data, a noisy profile test was applied to the profiles which had at least 10 data
points. Absolute residuals were computed between bbp and median‐filtered bbp, and if the absolute residual was
below 0.0005 m− 1, the data were retained and used in our analyses.

In this paper, we followed the method described in Yang et al. (2022) to calculate NPP (mg C m− 3 day− 1) using
Equation 2, the product of phytoplankton carbon (Cphyto, mg C m− 3) and phytoplankton specific growth rate
(μ, day− 1):
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NPP = Cphyto × μ (2)

We calculated Cphyto from bbp at 470 nm (bbp470) using the empirical relationship derived by Graff et al. (2015),
and given below in Equation 3. Since the floats measured bbp at 700 nm (bbp700, m− 1), we first converted it to
bbp470 (m− 1) using Equation 4 and the relationship derived by Boss et al. (2013).

Cphyto = 12128 × bbp470 + 0.59 (3)

bbp470 = bbp700 × (
470
700

)

− 0.78

(4)

The phytoplankton specific growth rate, μ, was estimated based on the method described in Westberry
et al. (2008) using Equation 5, where Chl is the float‐measured chlorophyll concentration (mg m− 3) and Iz is the
daily mean light level at each depth (mol photons m− 2 day− 1). Using Equation 6, Iz was estimated from
photosynthetically active radiation (PAR) at the ocean surface (PARsurf ), depth (Z), and diffuse attenuation co-
efficient of PAR (KPAR).

μ =
2 × Chl/Cphyto × (1 − e− 5Iz)
0.022 + (0.045 − 0.022) × e− 3Iz

(5)

Surface PAR was obtained from monthly 0.167° by 0.167° Moderate Resolution Imaging Spectroradiometer
(MODIS) data (Yang et al., 2022) (https://oceancolor.gsfc.nasa.gov). The time and location of each BGC‐Argo
profile were matched with the nearest surface PAR estimate using the MATLAB knnsearch function which uses
the k‐nearest neighbor algorithm and only those which matched surface PAR values were extracted and used.

Iz = PARsurf × exp(− KPAR × Z) (6)

The mixed layer depth (MLD) was calculated based on the density threshold criteria 0.03 kg m− 3 by considering
reference density at 10 dbar (De Boyer Montégut et al., 2004). When MLD ≤ K− 1

490, Equation 7 was used to
calculate KPAR (m− 1) and when MLD > K− 1

490, Equation 8 was used to calculate KPAR (Morel et al., 2007; Yang
et al., 2022).

KPAR = 0.0864 + 0.884 × K490 − 0.00137 × K− 1
490 (7)

KPAR = 0.0665 + 0.874 × K490 − 0.00121 × K− 1
490 (8)

To calculate KPAR, we used the float‐measured chlorophyll‐a concentration (Chl) to estimate K490 in Equation 9,
the 490 nm diffuse attenuation coefficient (m− 1):

K490 = 0.0166 + 0.07242 × Chl0.68955 (9)

The euphotic zone (depth to which 1% of surface PAR remains) in our study region is generally no deeper than
150 m (Siegel et al., 2014; Stramska & Cieszyńska, 2015) and using in situ measurements during April–May
2014, Dalabehara and Sarma (2021) found that the euphotic depth varied between 41 and 135 m in the Indian
Ocean. To include all the available chlorophyll found at or below the 1% irradiance depth (Hanson et al., 2007),
depth‐integrated chlorophyll and depth‐integrated NPP were estimated to 200 m depth.

The DCM depth was identified as the depth where the maximum chlorophyll concentration was observed
(Barbieux et al., 2019; Jayaram et al., 2021). To identify the DCM in our study, we assumed that no living
phytoplankton were found below 200 m, and identified the depth of maximum chlorophyll concentration from the
interpolated profiles; if the identified maximum chlorophyll value was greater than twice the median of the
chlorophyll values in the first 15 m, then that was considered the DCM (Cornec et al., 2021). If the DCM is below
the MLD, then it can represent either a Deep Biomass Maximum (DBM) or a Deep photoAcclimation Maximum
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(DAM). ADBM represents a true maximum in phytoplankton biomass in terms of carbon, whereas a DAM results
from phytoplankton photoacclimation, where phytoplankton increase their cellular chlorophyll to carbon biomass
ratio as a response to low irradiance levels (Masuda et al., 2021). A global assessment of DCMs using chlorophyll
and bbp data from BGC‐Argo profiles found that the northern part of the Indian Ocean the DCM generally
represents a DBM rather than a DAM (Cornec et al., 2021), therefore, a better understanding of depth‐resolved
phytoplankton abundance can help quantify carbon budgets in this region. The mean chlorophyll (or NPP) from
the top 10 m depth is considered the surface chlorophyll (or surface NPP).

2.5. Calculation of Physical Oceanographic Parameters

BGC‐Argo temperature and salinity data were converted to conservative temperature and absolute salinity,
respectively, to obtain potential density. BGC‐Argo float data include water pressure rather than depth, so water
depth in meters was calculated from the pressure and location data. The vertical stratification was estimated from
the Brunt–Väisälä or buoyancy frequency (N2). The maximum value was the maximumN2 and the corresponding
depth was considered as the depth of maximum N2. All conversions and computations of derived physical
properties were done using the MATLAB Gibbs‐SeaWater (GSW) Oceanographic Toolbox (https://www.teos‐
10.org/) (Li et al., 2020).

2.6. Climate Modes: ENSO and IOD

Two climate modes were considered as part of this study: the IOD and ENSO. The IOD can be represented by the
Dipole Mode Index (DMI) which uses the SST gradient between the western EIO (50°E–70°E and 10°S–10°N)
and the southeastern EIO (90°E–110°E and 10°S–0°N). Positive (negative) values of the DMI refer to positive
(negative) IOD modes (N. H. Saji et al., 1999). Monthly DMI data was downloaded from the NOAA Physical
Science Laboratory website https://psl.noaa.gov/data/timeseries/month/DMI/ (N. Saji & Yamagata, 2003).

Multivariate ENSO Index Version 2 (MEI.v2) was used to represent ENSO (Wolter & Timlin, 2011; Zhang
et al., 2019). This bimonthly index is the time series of a combined Empirical Orthogonal Function (EOF) of five
different variables: sea level pressure, SST, zonal and meridional surface wind components and outgoing
longwave radiation over the tropical Pacific basin (30°S–30°N and 100°E–70°W). It was downloaded from
https://psl.noaa.gov/enso/mei/.

2.7. Statistical Analyses

In order to balance the need to retain spatial information, but also pool sufficient points in time to identify
temporal trends in the data, we binned the BGC‐Argo profiles spatially into 5° by 5° bins. Spatial bins which
contained fewer than 20 profiles were excluded from the analyses as statistical tests showed that fewer than 20
profiles did not produce significant results. Statistical significance was defined as a probability value (p‐value)
less than or equal to the significance level, which was 0.05 (5%). Monthly mean values and standard deviations
were calculated for each month for years 2013–2022 for depth‐integrated chlorophyll, depth‐integrated NPP,
DCM, MLD, surface NPP, surface chlorophyll, maximum N2, and the depth of maximum N2. These monthly
mean values were then interpolated in time to produce a mean interpolated daily climatological product to avoid
sharp jumps in data values from month to month when calculating anomalies. Anomalies of depth‐integrated
chlorophyll, surface chlorophyll, DCM, depth‐integrated NPP, surface NPP, MLD, maximum N2, and the
depth of maximum N2 were calculated by subtracting the daily interpolated climatology data (on the corre-
sponding yearday) from the observed profile data (collected on a particular yearday). The anomaly data were used
in the calculation of trends and correlations.

We tested each of the variables to assess whether they were normally distributed using the Kolmogorov‐Smirnoff
test. We found that the variables used to calculate trends were not normally distributed, and so we applied the
Mann‐Kendall test and Sen's method to each 5° by 5° spatial bin for each dependent variable separately: the depth‐
integrated chlorophyll anomaly, buoyancy frequency anomaly, depth‐integrated NPP anomaly and MLD
anomaly. The Mann‐Kendall test is a non‐parametric test used to determine the presence of trends (which may or
may not be linear) in the data, and Sen's method calculates the magnitude of those trends. Sen's slope was used to
calculate the percent change per year by dividing the slope by the mean value of the variable within each spatial
bin. The trends were calculated at the 95% confidence level. The independent variable for this trend analysis was
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time, and within each 5° by 5° spatial bin, the dates of all the available profiles are discrete. Not all spatial bins had
data coverage for the entire 10 year period (Table S1; Figure S3 in Supporting Information S1). Therefore, for
each spatial bin, we considered the span between the first and last years of observation, including any gaps within
this interval, when discussing our results. This basin‐wide trend analysis allowed us to identify regions that have
either significant positive or negative trends.

Three spatial bins were selected, one each from the AS, BoB, and the EIO, where the maximum positive strat-
ification trends were observed. The objective was to assess whether the observed increase in stratification was
primarily driven by changes in salinity or temperature. To perform this analysis, the thermal expansion coefficient
(alpha) and the haline contraction coefficient (beta) were calculated. Temperature and salinity gradients were then
computed between 15 and 150 m depths. The product of alpha and the temperature gradient represented the
thermal contribution to stratification, while the product of beta and the salinity gradient represented the haline
contribution. The ratio of thermal to haline contributions was calculated for each of those spatial bins across all
available years. A ratio greater than 1 indicates that thermal effects dominate over salinity effects. Finally, the first
and last years of a specific month were compared to evaluate temporal changes in stratification drivers.

Since the variables that were used to conduct the correlation analyses were not normally distributed, Spearman's
rank correlation was performed at 95% confidence. Correlations were conducted using the maximumN2, depth of
max‐N2, MLD, and DCM anomalies against depth‐integrated chlorophyll and depth‐integrated NPP anomalies.
For each spatial bin, all of the available data were used to perform correlations between the anomalies of all
variables. These correlations indicate how the variables are related and identify spatial bins where significant
correlations exist. To understand the correlation between the ENSO and IOD climate modes and depth‐integrated
chlorophyll, Spearman's rank correlation was conducted between the IOD or ENSO index and depth‐integrated
chlorophyll and depth‐integrated NPP anomalies. All of the statistical analyses described here were implemented
using MATLAB.

3. Results
3.1. Monthly Variability in Chlorophyll, NPP, Stratification, DCM, and MLD

Surface and depth‐integrated chlorophyll were consistently higher on average in the AS than the BoB and the EIO
(Figure 2). In the AS, surface and depth‐integrated chlorophyll concentrations exhibited a semi‐annual pattern
with peaks in August and December (Table 1). Lower surface and depth‐integrated chlorophyll concentrations
were observed in May and October. We also observed a semi‐annual pattern in the BoB, but it was less pro-
nounced than in the AS (Figure 2) with both surface and depth‐integrated chlorophyll concentrations lower in
April and September and higher in July and December. We observed the least seasonal variation in chlorophyll

Figure 2. Monthly mean surface chlorophyll (mg m− 3) with standard deviation (a) Arabian Sea, (b) Bay of Bengal, and
(c) Equatorial Indian Ocean and depth‐integrated chlorophyll (mg m− 2) with standard deviation (d) Arabian Sea, (e) Bay of
Bengal, and (f) Equatorial Indian Ocean.
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concentrations in the EIO, where the lowest mean monthly depth‐integrated chlorophyll was seen in June and a
slightly higher value observed during November. Overall, depth‐integrated chlorophyll in the EIO was slightly
higher than in the BoB, but lower than in the AS.

In the AS, surface and depth‐integrated NPP both exhibited a semi‐annual pattern (Figure 3) with peaks in August
and December, and lower values observed in May and October (Table 1). The BoB also exhibited a semi‐annual
pattern, though it was not as prominent as in the AS, with both surface and depth‐integrated NPP being lower
during April and September and higher during July and December. Depth‐integrated NPP in the EIO had the
lowest values in March and slightly higher values from August to November. Surface NPP in the EIO did not
show any marked seasonal patterns, and the highest surface NPP was observed in July and the lowest surface NPP
observed in March.

In the AS and the BoB, the MLD had a semi‐annual pattern (Figure 4): shallower during April and October, and
deeper in July and January (Table 2). In the EIO, the MLD followed an annual pattern and was shallower in
December and deeper in August. The depth of the DCM followed a semi‐annual pattern in the AS, and an annual
pattern in the BoB and EIO (Figure 4). In the AS, the DCM was deepest in May and shallowest in September.
Similarly, in the BoB, the DCM was deepest in May and shallowest in November. In the EIO, the shallowest and
deepest DCMs were observed in December and July, respectively (Table 2). Our results also show that in
December/January and July/August the MLD and DCM coincided in the AS. Though the DCM and MLD
converged in July/August in all three basins, they only converged fully in the AS. The DCM andMLDwere found
to occur at significantly different depths in each basin of the study region during April and May.

The EIO was most strongly stratified, with higher maximum N2 than the AS and the BoB (Figure 5). Maximum
N2 was found to be slightly weaker in May in the EIO. In the AS, the strength of stratification was highest in July,

Table 1
Mean Seasonal Highest and Lowest Values of Surface Chlorophyll (surfChl; mg m− 3), Depth‐Integrated Chlorophyll (intChl;
mg m− 2), Surface NPP (surfNPP; mg m− 3 day − 1) and Depth‐Integrated NPP (intNPP; mg m− 2 day − 1) for the Arabian Sea
(AS), Bay of Bengal (BoB) and Equatorial Indian Ocean (EIO) Sub‐Regions

AS BoB EIO

surfChl (mg m− 3)

Highest August, December July, December July

0.62 ± 0.34, 0.82 ± 0.88 0.33 ± 0.24, 0.31 ± 0.25 0.35 ± 0.20

Lowest May, October April, September March

0.24 ± 0.36, 0.42 ± 0.40 0.14 ± 21, 0.20 ± 0.23 0.29 ± 0.21

intChl (mg m− 2)

Highest August, December July, December November

36 ± 19, 41 ± 26 28 ± 11, 26 ± 10 34 ± 9

Lowest May, October April, September June

26 ± 9, 30 ± 12 21 ± 6, 22 ± 9 31 ± 8

surfNPP (mg C m− 3)

Highest August, December July, December July

51 ± 31, 74 ± 82 30 ± 22, 28 ± 23 31 ± 17

Lowest May, October April, September March

22 ± 33, 38 ± 36 13 ± 19, 18 ± 21 26 ± 19

intNPP (mg C m− 2)

Highest August, December July, December August

2367 ± 862, 2566 ± 1334 1407 ± 734, 1484 ± 835 1462 ± 626

Lowest May, October April, September March

874 ± 627, 1741 ± 946 520 ± 335, 978 ± 641 978 ± 534

Note. For each case, the month of the year corresponding to the highest/lowest concentrations is indicated. The ± values
represent the standard deviation.
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and was lowest in March (Table 2). The BoB had the strongest stratification from August to October compared
with weaker stratification in March. The depth of maximum N2 showed a semi‐annual pattern in the AS and the
EIO and an annual pattern in the BoB (Figure 5). During March–June, the AS had the shallower depths of
maximum N2 with the shallowest in May. However, during those months, the BoB had deeper depths of
maximum N2, with the deepest in April. The deepest maximum N2 in the AS was in August (Table 2). Both AS
and BoB had shallower maximum N2 in October. The depths of maximum N2 in the EIO from June to January
were deeper than the AS and the BoB. The deepest maximum N2 in the EIO were observed in July and the
shallowest in April.

3.2. Temporal Trends in Depth‐Integrated Chlorophyll, NPP, Stratification, and Mixed Layer Depth

The temporal trends in depth‐integrated chlorophyll are shown in Figure 6a. Out of the 36 5° by 5° spatial bins that
contained data, significant trends were identified in 19 bins, of which eight had negative, and 11 had positive
trends. Regionally, the BoB had a generally positive trend in depth‐integrated chlorophyll: five out of six bins had
significant positive trends. All these spatial bins contained at least five years of data, with one bin (10°N to 15°N,
85°E to 90°E) containing 10 years of observations (bin number 17). The maximum trend value observed was
4.1 mg m− 2yr− 1 chlorophyll in the western BoB, while the minimum trend value was 1 mg m− 2yr− 1. One spatial
bin in the central northern BoB had a significant negative trend in depth‐integrated chlorophyll (− 1.2 mg
m− 2yr− 1); this bin contained 7 years of data (bin number 9) from 2013 to 2019 (Table S1 in Supporting Infor-
mation S1). In the AS, four spatial bins on the eastern side of the basin showed significant negative trends with a

Figure 3. Monthly mean surface net primary production (mg C m− 3) with standard deviation (a) Arabian Sea, (b) Bay of
Bengal, and (c) Equatorial Indian Ocean and depth‐integrated net primary production (mg C m− 2) with standard deviation
(d) Arabian Sea, (e) Bay of Bengal, and (f) Equatorial Indian Ocean.

Figure 4. Monthly mean Mixed Layer Depth (MLD; m) and Deep Chlorophyll Maximum (DCM; m) of (a) Arabian Sea,
(b) Bay of Bengal, and (c) Equatorial Indian Ocean with standard deviation. Note that the y‐axis has been inverted so that the
ocean surface is represented by the upper limit of the axis.
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largest of − 1.7 mg m− 2yr− 1 and smallest of − 1 mg m− 2yr− 1. Among these
four bins, two contained (bin numbers 2 and 6) 10 years of data (15°N to
25°N, 65°E to 70°E), while the remaining two bins contained nine (bin
number 14) and 7 years (bin number 7) of data. Conversely, two spatial bins
on the western side of the AS showed significant positive trends with a
maximum of 3 mg m− 2yr− 1 and minimum of 1.8 mg m− 2yr− 1 depth‐
integrated chlorophyll (Figure 6a). One of these two bins (bin number 5)
had 10 years of data (15°N to 20°N, 60°E to 65°E). These two bins were also
flanked to the south by two bins where the trends were positive, but not
statistically significant. In the EIO, four spatial bins showed significant
positive trends in depth‐integrated chlorophyll, which contained 5 (bin
number 45), 6 (bin number 28), 7 (bin number 29), and 9 years (bin number
36) of data (Figure S3; Table S1 in Supporting Information S1). In contrast,
three spatial bins showed significant negative trends, two of which contained
eight (bin numbers 32 and 37) years of data. The maximum increasing trend
(within four spatial bins) in the EIO was 2 mg m− 2yr− 1 and minimum was
0.8 mg m− 2yr− 1 and the largest decreasing trend (within three spatial bins)
was − 9.7 mg m− 2yr− 1 and weakest was − 0.8 mg m− 2yr− 1 chlorophyll.

The temporal trends in depth‐integrated NPP revealed that only 12 spatial
bins (out of 36) had significant trends, eight bins showed significant positive
trends, and four showed significant negative trends (Figure 6b). The AS had
both increasing (two spatial bins; maximum of 227 mg C m− 2yr− 1 and
minimum 181 mg C m− 2yr− 1) and decreasing (two spatial bins; maximum of
− 110 mg C m− 2yr− 1 and minimum − 107 mg C m− 2yr− 1) trends. These were
split zonally, with increasing and decreasing integrated NPP trends found on
the western and eastern AS, respectively. Both spatial bins with decreasing
trends had 10 years of data (bin numbers 2 and 6). The bin showing an
increasing trend (15°N to 20°N, 60°E to 65°E) also had 10 years of data
(Figure S3 in Supporting Information S1). The BoB, however, had an almost
consistently positive trend in integrated NPP, with four bins exhibiting sig-
nificant positive trends (maximum of 426 mg C m− 2yr− 1 and minimum
88mg Cm− 2yr− 1). Among all these bins, only one bin (10°N to 15°N, 85°E to
90°E) had 10 years of data (bin number 17), while the remaining bins had at

least five years of data. In the EIO, two spatial bins had positive trends (maximum value was 80 mg C m− 2yr− 1

and minimum 64 mg C m− 2yr− 1) and two spatial bins had negative trends in depth‐integrated NPP (largest value

Table 2
Mean Seasonal Highest and Lowest Values of Mixed Layer Depth (MLD; m),
Depth Chlorophyll Maxima (DCM; m), Maximum Stratification (Max N2;
s− 2) and the Depth of Maximum Stratification (Max N2 Depth; m) for the
Arabian Sea (AS), Bay of Bengal (BoB) and Equatorial Indian Ocean (EIO)
Sub‐Regions

AS BoB EIO

MLD (m)

Deepest July, January July, January August

52 ± 19, 44 ± 22 37 ± 15, 31 ± 16 42 ± 18

Shallowest April, October April, October December

17 ± 6, 24 ± 11, 17 ± 6, 21 ± 13 22 ± 14

DCM (m)

Deepest May May July

59 ± 11 77 ± 18 72 ± 16

Shallowest September November December

44 ± 14 50 ± 12 58 ± 16

Max N2 (s− 2)

Highest July August January

0.0015 ± 0.00082 0.0022 ± 0.0012 0.0029 ± 0.002

Lowest March March May

0.00071 ± 0.00051 0.0012 ± 0.0047 0.0024 ± 0.0012

Max N2 depth (m)

Deepest August April July

77 ± 28 84 ± 44 89 ± 25

Shallowest May September April

33±20 45 ± 28 66 ± 24

Note. For each case, the month of the year corresponding to the highest/
lowest concentrations is indicated. The ± values represent the standard
deviation.

Figure 5. Monthly mean maximum buoyancy frequency N2 (s− 2) of (a) Arabian Sea, (b) Bay of Bengal, (c) Equatorial Indian
Ocean, and the depth of maximum buoyancy frequency (m) of (d) Arabian Sea, (e) Bay of Bengal, (f) Equatorial Indian
Ocean. Note that the y‐axis has been inverted so that the ocean surface is represented by the upper limit of the axis.
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of − 404 mg C m− 2yr− 1 and smallest value of − 104 mg C m− 2yr− 1). Spatial bins showing positive trends in the
EIO contained eight to 9 years of data, while one of the bins showing a negative trend contained 8 years of data
(Table S1 in Supporting Information S1). The highest maximum positive trends in depth‐integrated NPP were
observed in the BoB.

The temporal trends in maximum stratification (max N2) were significantly positive in most parts of the study
region, 17 bins showed significant positive trends out of a total of 36, and only three had significant negative
trends overall (Figure 7a). In the BoB, six spatial bins in the northern part of the basin showed significant positive
trends (maximum positive trend of 3.1× 10− 4 s− 2year− 1 and minimum of 7.8× 10− 5 s− 2year− 1). Among these,
only one spatial bin (bin number 17) had 10 years of data, while the remaining bins had at least 5 years of data
(Figure S3 in Supporting Information S1). We have bins with similar length of time series on both sides of the
BoB. Only one spatial bin in the southern part of the BoB had a significant negative trend (− 2.6× 10− 4 s− 2year− 1),
and this bin contained 4 years of data (bin number 25). Although it was flanked by two adjacent bins that also
showed negative trends, those trends were not statistically significant in max N2. These results also suggested that
stratification is increasing more on the western side of the BoB than on the eastern side, with the highest positive
trend values for max N2 observed off the eastern coast of the Indian subcontinent. In the AS, four bins exhibited
significant positive trends in max N2, with the maximum trend value of 5.9× 10− 5 s− 2year− 1 and the minimum
trend value of 3.8× 10− 5 s− 2year− 1. Three of these spatial bins (bin numbers 2, 5, 6) had 10 years of data (Figure

Figure 6. Time trends of (a) depth‐integrated chlorophyll (IntChl, mg m− 2yr− 1) anomaly and (b) depth‐integrated NPP
(IntNPP, mg C m− 2yr− 1) anomaly with p ≤ 0.05 significance. Spatial bins with red/blue borders indicate significant
positive/negative trends. The black lines separate regions of Arabian Sea, Bay of Bengal, and Equatorial Indian Ocean.

Figure 7. Time trends of (a) maximum stratification (Max N2, s− 2yr− 1) anomaly and (b) mixed layer depth (MLD, m yr− 1)
anomaly with p ≤ 0.05 significance. The spatial bins with red/blue borders indicate significant positive/negative trends. The
black lines separate three regions of Arabian Sea, Bay of Bengal, and Equatorial Indian Ocean.
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S3 in Supporting Information S1). No spatial bins in the AS had significant
negative trends in max N2. In the EIO, four bins showed positive trends with a
maximum value of 4.2 × 10− 4 s− 2year− 1 and a minimum value of 2 × 10− 4

s− 2year− 1. These bins contained six to 8 years of data. There were two spatial
bins in the EIO that showed negative trends (largest − 8 × 10− 4 s− 2year− 1 and
smallest − 6.4 × 10− 4 s− 2year− 1). The negative trends were mostly observed
in the southeastern equatorial region between 5°S and 10°S latitudes. How-
ever, these bins contained only 2 to 3 years of data and probably do not
resolve trends well, even though they are significant. Within the three regions,
the BoB had the highest number of spatial bins with positive trends in max N2,
but the positive trends calculated on the data from the EIO indicated a slightly
stronger increasing trend in stratification strength overall. The analysis also
showed that the temperature component of stratification was more dominant
than the salinity component. In the AS, a comparison between August 2017
and August 2022 showed temperature‐to salinity contribution ratios of 14.74
and 13.97, respectively. In the BoB, the comparison between August 2015
and August 2018 resulted in ratios of 4.05 and 3.92. For the EIO, the com-
parison between August 2014 and August 2021 showed ratios of 9.20 and

8.57, respectively. The month of August was selected as it corresponds to the peak discharge of the Ganges‐
Brahmaputra river system relative to other months. Not all years in each bin contain data for every month;
therefore, only the years that include data for August were used for the comparison in each basin. These results
indicated that, although the temperature contribution remained dominant, its influence on stratification has
slightly decreased over time, while the salinity contribution had increased marginally.

Generally, the MLD was not subject to significant change across the study region (Figure 7b), with only four
spatial bins exhibiting significant positive trends and only one bin with a significant negative trend. In the AS, two
spatial bins in the middle of the basin had significant positive trends in MLD (the maximum of 2.0 m yr− 1 and
minimum of 0.8 m yr− 1). Those bins had 9 (bin number 14) to 10 years (bin number 5) of data (Figure S3 in
Supporting Information S1). In the BoB, one spatial bin on the western side of the basin, which contained 5 years
of data, had a significant positive trend with a value of 2.1 m yr− 1. In the EIO, only one spatial bin showed a
significant negative trend in MLD anomaly (− 3.0 m yr− 1) and contained 5 years of data, while one spatial bin had
a significant positive trend (1.4 m yr− 1) and contained 9 years of data.

3.3. Correlations Between Water Column Structure and Depth‐Integrated Chlorophyll

We calculated the correlations between parameters describing the vertical structure of the water column
(anomalies of maximumN2, MLD, DCM) and depth‐integrated chlorophyll and NPP anomalies, separately. After
calculating the correlation coefficient for each spatial bin, only the spatial bins where significant correlations were
observed were considered, and the strongest statistically significant correlations observed within each region (AS,
BoB, EIO) are reported in Table 3.

The correlation between maximum N2 anomaly and the depth‐integrated chlorophyll anomaly, mostly showed
positive correlations in the BoB, and negative correlations in the AS and the EIO (Figure 8a, Table 3). In the AS,
three spatial bins showed a weak negative correlation (strongest correlation, r = − 0.21), and one spatial bin
showed a weak positive correlation, r = 0.13 (Table 3). All of the bins with statistically significant correlations in
the BoB showed weak positive correlations (strongest correlation, r = 0.32). The western part of the BoB showed
a slightly more positive correlation than the eastern part. In the EIO, four spatial bins had a weak negative
correlation (strongest correlation, r= − 0.28). Two spatial bins in the EIO showed a moderate positive correlation;
the strongest r value was 0.52 (Table 3).

Five spatial bins had a significant but moderate positive correlation between the depth of the maximum N2

anomaly and the depth‐integrated chlorophyll anomaly in the AS; the highest correlation was r= 0.52 (Figure 8b).
In the BoB, only one spatial bin situated in the north‐central part had a weak positive correlation, r = 0.10, and
three spatial bins had a weak negative correlation (Table 3, the strongest r value was − 0.25). However, in the EIO
nine spatial bins had a significant moderately weak negative correlation and the strongest correlation in those

Table 3
Correlation Coefficients (Strongest Positive/Negative Values Only Over the
Significant Spatial Bins, Within a Region) of the Anomalies of Stratification
Strength (Max N2), Mixed Layer Depth (MLD), Depth of Maximum
Stratification (Max N2 Depth), and DCM With the Depth‐Integrated
Chlorophyll (intChl) Anomaly, and Also With the Depth‐Integrated NPP
(intNPP) Anomaly, Only Correlations With p ≤ 0.05 Are Reported

Max N2 MLD Max N2 depth DCM

intChl

AS 0.13, − 0.21 0.54 0.52 − 0.25

BoB 0.32 0.52 0.10, − 0.25 − 0.48

EIO 0.52, − 0.28 0.55 − 0.50 − 0.71

intNPP

AS 0.07, − 0.14 0.16, − 0.20 0.25, − 0.26 0.23, − 0.26

BoB none 0.46 0.10, − 0.33 − 0.15

EIO − 0.30 0.24, − 0.14 0.10, − 0.54 0.23, − 0.23
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spatial bins was r = − 0.50 (Table 3). The results suggest that the AS and the EIO have an opposite relationship
between depth‐integrated chlorophyll and depth of maximum N2 anomalies.

We found that over the whole study region, there was a statistically significant weak to moderate positive cor-
relation between the MLD and depth‐integrated chlorophyll anomalies (Figure 8c). In the AS, there were eight
spatial bins (strongest correlation, r= 0.54) which were significant. There were nine significant spatial bins in the
BoB (strongest correlation, r = 0.52) and 11 significant spatial bins in the EIO (Table 3, strongest correlation
r = 0.55). The correlation coefficient values suggested that the strength of the correlation between the MLD and
depth‐integrated chlorophyll anomalies was similar (Table 3) among all parts of the Indian Ocean.

The study region had a mostly weak/moderate negative correlation between the DCM and depth‐integrated
chlorophyll anomalies (Figure 8d). This correlation was strongest in the EIO where 14 spatial bins had a sig-
nificant moderate negative correlation, and the strongest correlation within these 14 spatial bins was r = − 0.71
(Table 3). There were three spatial bins in the eastern AS and six spatial bins in the BoB which had a significant
weak negative correlation. The strongest correlations in the AS and the BoB were r = − 0.25 and r = − 0.48,
respectively (Table 3). The AS had a weaker correlation between the DCM and depth‐integrated chlorophyll
anomalies than the BoB and the EIO.

The correlation between the maximum N2 anomaly and depth‐integrated NPP anomaly showed no significant
correlation in the BoB (Figure 9a). Only two spatial bins had weak negative correlations in the EIO (Table 3,
strongest correlation r = − 0.30). In the AS, one spatial bin showed a positive and one spatial bin showed a
negative correlation, which were both very weak. The correlation between the depth of maximumN2 anomaly and

Figure 8. Correlation of anomalies of (a) stratification strength (maximum N2), (b) depth of maximum stratification,
(c) mixed layer depth (MLD) and (d) deep chlorophyll maximum (DCM) with depth‐integrated chlorophyll (intChl)
anomaly, p ≤ 0.05 significance. The spatial bins with red borders indicate significant positive correlation and the spatial
bins with blue border indicate significant negative correlation. The black lines separate three different regions of Arabian Sea,
Bay of Bengal, and Equatorial Indian Ocean.
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the depth‐integrated NPP anomaly (Figure 9b) mostly (four spatial bins) showed a weak positive correlation in the
AS (strongest correlation, r = 0.25) and showed both positive and negative weak correlations in the BoB and in
the EIO. The BoB had a moderate positive correlation between MLD and depth‐integrated NPP (Figure 9c) in
three significant spatial bins (strongest correlations, r = 0.46). The EIO mostly showed a positive correlation;
however, only two spatial bins had a significant weak positive correlation and only one bin had a significantly
weak negative correlation between MLD and depth‐integrated NPP. Three spatial bins showed weak positive and
two spatial bins showed a weak negative correlation in the AS. Between the DCM anomaly and depth‐integrated
NPP anomaly (Figure 9d), only one spatial bin in the BoB showed a weak negative correlation (Table 3,
r= − 0.15). Three spatial bins had weak negative (strongest correlation r= − 0.23), and one bin had weak positive
correlation (r = 0.23) in the EIO. In the AS, two spatial bins had a weak negative and one bin had a weak positive
correlation between the DCM anomaly and depth‐integrated NPP anomaly.

3.4. Climate Mode Impacts on Depth‐Integrated Chlorophyll

During our study period, 2015 and 2019 were positive IOD years and 2016 and 2022 were negative IOD years. An
El Niño occurred in 2016 and La Niña in 2021 and 2022. We found that the correlation between depth‐integrated
chlorophyll anomaly and the IOD index varied regionally among the AS, BoB, and EIO (Figure 10a). In the AS,
two spatial bins exhibited a weak positive correlation (strongest correlation, r= 0.14) and three spatial bins in this
region had a weak negative correlation (strongest correlation r = − 0.22). The negative correlations were mostly
found in the northeastern part of the AS. In the BoB, two spatial bins had a weak positive correlation (strongest
correlation r = 0.22) and three spatial bins had a weak negative correlation (strongest correlation r = − 0.30). The
negative correlations were mostly located in the northeastern part of the BoB. In the EIO, four spatial bins had a
weak positive correlation (strongest correlation r = 0.30), situated at the eastern side of the EIO and one spatial

Figure 9. Correlation of anomalies of (a) stratification strength (maximum N2), (b) depth of maximum stratification,
(c) mixed layer depth (MLD) and (d) deep chlorophyll maxima (DCM) with depth‐integrated NPP (intNPP) anomaly,
p ≤ 0.05 significance. The spatial bins with red/blue borders indicate significant positive/negative correlations. The black lines
separate three different regions of Arabian Sea, Bay of Bengal, and Equatorial Indian Ocean.
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bin had a moderate negative correlation, r = − 0.37. In all three basins, correlations were mostly weak between
depth‐integrated chlorophyll anomaly and the IOD index.

In the AS, the correlation between the depth‐integrated chlorophyll anomaly and ENSO (Figure 10b) was sta-
tistically significant in three spatial bins. Within these three spatial bins, two had a weak positive correlation
(strongest correlation r = 0.15) and one spatial bin had a moderate negative correlation (r = − 0.42). Positive
correlations were mostly observed in the eastern part of the AS, whereas negative correlations were found in the
western part of the AS. In the BoB, four spatial bins had a weak negative correlation (strongest correlation
r = − 0.38). In the EIO, two spatial bins had weak negative correlation (strongest correlation r = − 0.35) and only
one spatial bin had a weak positive correlation (r= 0.15) which was situated in the eastern part of the EIO. Within
all three basins, the depth‐integrated chlorophyll anomaly was more negatively correlated with ENSO in most
parts of the BoB than in the AS or the EIO.

The correlation between the depth‐integrated NPP anomaly and the IOD index varied regionally between the AS,
BoB, and EIO (Figure 11a). In the AS, three spatial bins exhibited a weak negative correlation (strongest cor-
relation r = − 0.2) and one spatial bin had a weak positive correlation (r = 0.13). The negative correlations were
mostly observed in the northeastern part of the AS. In the BoB, three spatial bins had a weak negative correlation
(strongest correlation r = − 0.23) and one spatial bin had a weak positive correlation (r = 0.33). The negative
correlations were mostly located in the northeastern part of the BoB. In the EIO, three spatial bins had weak
positive correlation (strongest correlation r = 0.33), generally located at the eastern part of the EIO.

Figure 10. Correlation of (a) IOD and (b) ENSO with depth‐integrated chlorophyll (intChl) anomaly, p ≤ 0.05 significance.
The spatial bins with red/blue borders indicate significant positive/negative correlations. The black lines separate three
different regions of Arabian Sea, Bay of Bengal, and Equatorial Indian Ocean.

Figure 11. Correlation of (a) IOD and (b) ENSO with depth‐integrated NPP (intNPP) anomaly, p ≤ 0.05 significance. The
spatial bins with red/blue borders indicate significant positive/negative correlations. The black lines separate three different
regions of Arabian Sea, Bay of Bengal, and Equatorial Indian Ocean.
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In the AS, the correlation between depth‐integrated NPP anomaly and ENSO (Figure 11b) was statistically
significant in five spatial bins. Within these, two had weak positive correlations (strongest correlation r = 0.16)
and three spatial bins had weak negative correlations (strongest correlation r = − 0.25). In the BoB, five spatial
bins had a weak negative correlation (strongest correlation r = − 0.33). In the EIO, one spatial bin had a weak
negative correlation situated at the southern part (r = − 0.38) and one spatial bin had a weak positive correlation
(r = 0.21) which was situated in the eastern part of the EIO. Within all three basins, the depth‐integrated NPP
anomaly was more negatively correlated with ENSO in most parts of the BoB than in the AS or the EIO.

4. Discussion
4.1. Regional and Seasonal Variability in Chlorophyll, NPP, MLD, DCM, and Stratification

In the AS, both surface and depth‐integrated chlorophyll concentrations are higher during monsoon seasons
(summer monsoon months of June through September, and the winter monsoon months of November through
February) compared to the inter‐monsoon. Our study finds that in the AS the surface chlorophyll ranges from
0.2 mg m− 3 to 0.8 mg m− 3 and the maximum surface and depth‐integrated chlorophyll occur in December
(Figure 2). A previous study, based on data from only two BGC‐Argo floats in the AS also found higher chlo-
rophyll concentration during summer and winter monsoons with particularly high chlorophyll during January‐
February, and peak concentrations of surface chlorophyll around 0.4–0.6 mg m− 3 (Jayaram et al., 2021). Peak
surface and depth‐integrated chlorophyll concentrations during the summer monsoon are mostly driven by up-
welling along the Somalia coast along with positive wind stress curl which makes the mixed layer deeper
(Figure 4a) and drives upward transport of nutrients that enhances productivity (Lakshmi et al., 2020). Advection
of these upwelled nutrients together with the positive wind stress curl and associated mixing and Ekman pumping
enhance productivity in the central AS (S. P. Kumar et al., 2009; Thushara & Vinayachandran, 2020). Higher
surface and depth‐integrated chlorophyll in the AS during winter is due to the enhanced convective mixing by dry
northeasterly winds that enhance evaporative cooling and deepen the mixed layer (Figure 4a), which results in the
entrainment of nutrients toward the surface, thereby enhancing productivity (Prasanna Kumar et al., 2009;
Thushara & Vinayachandran, 2020).

In the BoB, the range of monthly mean surface and depth‐integrated chlorophyll is lower compared to the AS and
the EIO. Surface chlorophyll ranges from 0.1 mg m− 3 to 0.3 mg m− 3 in the BoB which is consistent with reported
values of 0–0.3 mg m− 3 (Jayaram et al., 2021), where a smaller set of BGC‐Argo profile data from this region
were used. Our results show a semi‐annual seasonality in both surface chlorophyll and depth‐integrated chlo-
rophyll which peaks during the summer and winter monsoons (Figure 2). This study is based on a larger set of
observations in time and space than previously available, allowing for better resolution and identification of
seasonal patterns. During summer, a large freshwater flux and enhanced precipitation result in lower surface
salinity and strong density stratification, which in turn leads to weak vertical mixing (Jayaram et al., 2021).
However, the higher surface and depth‐integrated chlorophyll observed during summer in the BoB is likely due to
upwelling by the local alongshore wind stress, wind driven mixing and eddy pumping (Thushara et al., 2019)
which erode the stratification. Higher surface and depth‐integrated chlorophyll during winter is driven by the
northeasterly wind‐driven Ekman pumping that fuels upwelling and entrains nutrients from deep waters into the
surface (Xu et al., 2021). Mesoscale eddies could also supply nutrients and enhance chlorophyll biomass
(S. P. Kumar et al., 2009). During summer and winter, the MLD in the BoB is deeper (Figure 4b) which explains
the higher chlorophyll and NPP.

In the EIO, we observe no strong seasonality in surface and depth‐integrated chlorophyll (Figure 2), and chlo-
rophyll concentrations in the EIO are generally higher than the BoB, but lower than the AS (Dalabehara &
Sarma, 2021). Our study shows lower surface chlorophyll during pre‐monsoon (lowest in March; 0.30 ± 0.21 mg
m− 3) and slightly higher surface chlorophyll in winter (0.33 ± 0.24 mg m− 3 in November) by averaging over
10 years. This result differs somewhat from a previous study based on MODIS data from 2002 to 2011, which
identified a weak annual cycle in surface chlorophyll, with high surface chlorophyll concentrations in winter
(0.22 mg m− 3, December 2005) and low in summer (0.07 mg m− 3, June 2012) (G. S. Kumar et al., 2016). Their
data coverage, sources, and time frame are different from ours.

The comparison of the three basins shows that during December, surface and depth‐integrated chlorophyll
concentrations are highest in the AS and the BoB. However, in the EIO, this peak occurs a month earlier, in
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November (Table 1). Moreover, the summer peak in the BoB occurs in July, while in the AS, this peak is observed
a month later, in August. Similarly, the lowest values are seen in April and September in the BoB, whereas, in the
AS, the lowest values occur a month later, in May and October. The earlier occurrence of high chlorophyll values
in the BoB could be attributed to riverine input that carry nutrients (Amol et al., 2020; Pedde et al., 2017) and can
lead to an earlier phytoplankton bloom. Additionally, strong stratification in the BoB, which can trap nutrients in
the surface layer, may also play a role.

NPP follows a similar pattern to chlorophyll in the AS (Figure 3), with higher productivity during the monsoon
seasons (Vinaya Kumari et al., 2021). NPP is lower in the BoB than the AS and the seasonality follows the pattern
of chlorophyll. Although surface NPP in the EIO shows no clear seasonality, depth‐integrated NPP is slightly
higher during summer‐fall and lower during winter‐spring (Figure 3). This likely reflects the inclusion of DCM‐
associated productivity in depth‐integrated NPP. Previous work based on 13C incubation for assessing produc-
tivity from 25 locations during April–May 2014 found that depth‐integrated production in the photic zone was
higher in the AS (1483 ± 202 mg C m− 2 d− 1) followed by the EIO (1182 ± 360 mg C m− 2 d− 1) and BoB
(878 ± 390 mg C m− 2 d− 1) (Dalabehara & Sarma, 2021). Our study reports higher mean April–May depth‐
integrated NPP in the EIO (1145 ± 552 mg C m− 2 d− 1), than in the AS (944 ± 606 mg C m− 2 d− 1) and
lower in the BoB (650 ± 469 mg C m− 2 d− 1).

Our results show the MLD and the DCM in the AS have a semi‐annual pattern (Figure 4a), with the MLD
deepening during the monsoon seasons due to strong winds and convective mixing (Bhaskar et al., 2007). As the
mixed layer deepens, the DCM shoals and approaches the MLD, likely due to convective mixing that can inject
nutrients into the surface layer. The depth of maximum stratification mostly follows the same pattern as the MLD
in the AS, with stronger stratification observed during the summer monsoon (Figure 5).

In the BoB, the MLD has a semi‐annual pattern, whereas the DCM has an annual pattern (Figure 4b). The DCM is
deeper during the pre‐monsoon season (March‐May) while, by contrast, the MLD is shallower. During the
summer monsoon and winter monsoon, the MLD deepens while the DCM shoals (Jayaram et al., 2021). Even
though the DCM shoals, it never reaches the surface due to stratified water. In situ measurements from the
southern BoB during the summer monsoon in 2016 found that the depth of the DCM ranged from 20 to 50 m
(Thushara et al., 2019), which is shallower than the estimated mean summer monsoon DCM depth (55–65 m)
obtained in our study. During September‐October, the stratification becomes stronger and the depth of maximum
stratification shoals to around 50 m (Figure 5) and the DCM also shallows to around 54 m (Figure 4). The DCM
coincided with the depth of maximum stratification (Somavilla et al., 2019) in the BoB and is located below the
mixed layer (Jayaram et al., 2021) throughout the year.

In the EIO, the DCM and MLD both follow an annual cycle that shoals during the winter monsoon and deepens
during the summer monsoon, with the DCM mostly following the same pattern as the MLD except in August
when the MLD is deepest and the DCM shoals somewhat (Figure 4c). Our study finds that the mean monthly
MLD ranges from 22 to 42 m in the EIO, while Keerthi et al. (2016) reported MLD variations between 20 and
30 m, which are linked to the annual wind cycle which influences stirring effects and buoyancy fluxes.
Throughout the year stratification is strong in the EIO (Figure 5) but the depth of maximum stratification shoals
during the pre‐monsoon (March–May).

4.2. To What Extent Does Stratification Control Depth‐Integrated Chlorophyll?

There is a widely held view that the strength of stratification in the water column plays a major role in controlling
primary production and the variability of chlorophyll in the ocean; however, our results suggest that the rela-
tionship between stratification and productivity in the Indian Ocean is not straightforward. We find that the
correlations between temporal trends in stratification, depth‐integrated chlorophyll and NPP vary considerably
across the study region. Using all available BGC‐Argo float data from a 10‐year period, we did not find a strong
correlation between stratification and depth‐integrated chlorophyll in the northern and Equatorial Indian Ocean.
In previous work examining correlations between in situ measurements of stratification and satellite chlorophyll
over the global ocean from 1997 to 2013, no evidence of strong correlation between stratification and chlorophyll
in the subtropical ocean was found (Dave & Lozier, 2013). Depth‐integrated chlorophyll anomaly mostly has a
weak negative correlation with stratification in the AS and the northern part of the EIO, and a weak positive
correlation in the BoB, central AS, and southern part of the EIO (Figure 8). A positive correlation indicates that
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even if there is an increase in stratification that might inhibit increases in surface chlorophyll, it can still result in
increases in subsurface chlorophyll which satellite measurements cannot detect (Xu et al., 2021). We found only
three spatial bins that show a significant weak negative correlation between depth‐integrated NPP and stratifi-
cation, mostly in the EIO (Figure 9), indicating decreases in NPP concurrent with increases in stratification.
Sridevi et al. (2023) used satellite data from 2001 to 2020 and observed a decline in NPP south of 12°N. They
found an inverse correlation between NPP and SST, suggesting that weak nutrient supply due to stratification
controls NPP. However, in most parts of our study area, depth‐integrated NPP is not significantly correlated with
stratification (Figure 9), suggesting that the relationship between stratification and productivity is localized and
variable, rather than having a consistent effect across the entire northern and Equatorial Indian Ocean.

Depth‐integrated chlorophyll anomaly has a moderate positive correlation with MLD anomaly and a moderate
negative correlation with DCM anomaly in the AS, BoB, and EIO. This indicates that the depth‐integrated
chlorophyll increases when the MLD becomes deeper or/and when DCM becomes shallower (Figure 8). The
decline in depth‐integrated chlorophyll is linked to the shoaling of the mixed layer, as a shallower mixed layer can
reduce the supply of nutrients from the deep ocean to the surface (Gregg & Rousseaux, 2019). A shallow DCM
typically indicates greater light attenuation and enhanced nutrient availability at shallower depths, which leads to
higher chlorophyll concentrations (Mignot et al., 2014). Depth‐integrated NPP anomaly mostly has a significant
weak positive correlation with MLD and a significant weak negative correlation with DCM, but this relationship
varies throughout the basin (Figure 9).

We find that temporal trends in depth‐integrated chlorophyll and NPP differ between the eastern and western AS
(Figure 6). Chlorophyll in the AS is largely invisible to satellites during the most productive period of the year
(e.g., the summer monsoon) due to cloud cover (Modi & Koll, 2023). Prakash and Ramesh (2007) noted that the
surface chlorophyll trend in the western AS, reported by Goes et al. (2005), differs from that in the eastern AS.
The eastern AS has a decreasing trend in depth‐integrated chlorophyll and depth‐integrated NPP of up to 6%
(based on the maximum significant negative trend) per year. Not all spatial bins contain 10 years of available
profile data (Figure S3; Table S1 in Supporting Information S1). There are three bins which have 10 years of data,
and three other bins have seven and 9 years of data. Sridevi et al. (2023) reported a 22% annual decline in NPP in
the northeastern AS based on satellite chlorophyll data from 2001 to 2020. Gregg and Rousseaux (2019)
assimilated ocean color satellite data into an ocean biological model, and their study suggested a decline in NPP in
the eastern AS from 1998 to 2015. Vinaya Kumari et al. (2021) also found a decline in NPP in the eastern AS in
the 2007–2016 period, based on an analysis of satellite data, which they attributed to a concurrent increase in SST.
In the western AS, by contrast, an increasing trend was observed in depth‐integrated chlorophyll of up to 7%
(based on the maximum significant positive trend) per year and a rise in depth‐integrated NPP of up to 11% (based
on the maximum significant positive trend) per year. This enhancement in production possibly due to the external
nutrient inputs, which can result from increased atmospheric deposition such as dust (Kuttippurath et al., 2023)
and aerosols in the AS (Sridevi et al., 2023) or from enhanced upwelling (Löscher, 2021).

In the BoB, we observe an increasing trend in both depth‐integrated chlorophyll and depth‐integrated NPP
(Figure 6). Although only one spatial bin has 10 years of data and all other significant bins have 5 to 7 years of data
(Figure S3; Table S1 in Supporting Information S1), the depth‐integrated chlorophyll shows mostly positive
trends, with the rate of increase being slightly higher in the northwestern BoB (15% increase per year; based on the
maximum significant positive trend). Similarly, a global analysis of satellite chlorophyll trends, based on the
Copernicus Marine Environment Monitoring Service product from 1997 to 2021, also identified an increasing
trend in surface chlorophyll in the western BoB (Sathyendranath et al., 2019), which supports the findings of our
study. Multi‐satellite merged chlorophyll data from 1998 to 2019 also revealed a positive trend in NPP in the
western BoB (Kuttippurath et al., 2023). There is only one spatial bin in the northern BoB, which has a significant
5% decrease of depth‐integrated chlorophyll per year (Figure 6). Our results show that the depth‐integrated NPP is
significantly increasing at a rate of up to 28% (based on the maximum significant positive trend) per year in the
north‐western part of the BoB, supported by previous modeling work which found an increasing surface NPP
trend in the central BoB using Coupled Model Intercomparison Project (CMIP6) model output for 2003 to 2014
(Sunanda et al., 2023). Enhanced atmospheric aerosols and river discharge, which have been shown to boost
nutrient supply, may play a significant role in the observed increase in NPP in the BoB (Sridevi et al., 2023).

Considering only significant spatial bins, which mostly contains 6 to 9 years of data (Figure S3; Table S1 in
Supporting Information S1), our study shows that the EIO has seen an up to 6% (based on the maximum
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significant positive trend) increase and up to 25% (based on the maximum significant negative trend) decrease per
year in depth‐integrated chlorophyll (Figure 6). This decrease is most prominent in the eastern part of the EIO, and
overall, negative trends dominate in this basin. Using monthly satellite‐derived chlorophyll data, G. S. Kumar
et al. (2016) and Gregg and Rousseaux (2019) found a decreasing trend in the EIO for the periods 2002–2012 and
1998–2015, respectively. Depth‐integrated NPP in the EIO shows a larger decrease (45%; based on the maximum
significant negative trend) than increase (6%; based on the maximum significant positive trend) per year. This
decreasing trend is likely driven by enhanced ocean stratification due to the rapid warming in the Indian Ocean
(Roxy et al., 2014), which could reduce the upwelling of the nutrients and suppress NPP (Gregg &
Rousseaux, 2019).

Our study, based on observational data, has shown that stratification is mostly increasing in the northern Indian
Ocean, challenging previous work which found that stratification decreased in the BoB and the EIO and increased
in the northwest AS (Dave & Lozier, 2013). The stratification is increasing (Figure 7) at a rate of up to 5% (based
on the maximum significant positive trend) per year in the AS. Not all spatial bins have 10 years of data in AS,
BoB, and EIO (Figure S3, Table S1 in Supporting Information S1). However, a total of 26 bins have at least five
years of data, which can be used to identify short‐term trends. There is also the possibility that the observed trends
are driven by inter‐annual/decadal climate variability rather than longer‐term change (Behrenfeld et al., 2006).
We acknowledge the limitation imposed by the shorter time series in this study and believe that continued data
collection using BGC‐Argo will increase confidence in trend analysis of this region. In the BoB, stratification has
mostly positive trends (18% increase per year; based on the maximum significant positive trend); only one spatial
bin at the southern BoB (Figure 7a) has an 15% decrease in stratification per year. Yamaguchi and Suga (2019)
investigated the upper ocean stratification (density difference between surface and 200‐m depth trends) from
observational profiles for the years 1960–2017 and they found an increasing trend of stratification in the BoB and
that the stratification is increasing more in the BoB and eastern EIO compared to the AS. Our study shows that
stratification has both positive and negative trends (Figure 7) in the EIO. At the northeastern EIO stratification is
increasing; however, at the southeastern side stratification is decreasing. The decrease of stratification could be
attributed to a faster rate of subsurface warming compared to the surface warming, as previously discussed (Dave
& Lozier, 2013; Roxy et al., 2016). Temperature remains the dominant contributor to stratification; however, its
influence is decreasing, while the contribution of salinity has increased to a limited extent. In this study region,
there are few significant trends in MLD. Only four spatial bins show a deepening of the mixed layer (Figure 7). In
the EIO, just one spatial bin exhibits a 10% per year decrease inMLD. TheseMLD changes are primarily linked to
surface buoyancy forcing and wind stirring (Gao et al., 2023).

Figure 12. Summary of trends showing only the significant spatial bins (a) decrease of depth‐integrated chlorophyll (intChl)
anomaly and increase of max‐N2 anomaly (purple) and both depth‐integrated chlorophyll (intChl) anomaly and max‐N2
anomaly are increasing (green); (b) depth‐integrated chlorophyll (intChl) anomaly and depth‐integrated NPP (intNPP) anomaly
both are increasing (green) and both are decreasing (orange).
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Our analysis of the temporal trends of depth‐integrated chlorophyll anomaly and max‐N2 anomaly identifies two
scenarios: a decreasing trend in depth‐integrated chlorophyll co‐occurring with an increasing trend in stratifi-
cation, and an increasing trend for both depth‐integrated chlorophyll and stratification (Figure 12a). The first
scenario is observed in the AS, BoB, and in the EIO, whereas the second scenario is more prevalent in the BoB.
When water column stratification increases, it can act to reduce upward nutrient fluxes from depth thereby
reducing productivity and observed chlorophyll concentrations (Cermeño et al., 2008; Li et al., 2020), unless
nutrients are not limiting growth or there is a sufficient local supply of nutrients within the surface mixed layer.
Martinez et al. (2009) used monthly satellite observation of surface chlorophyll and sea surface temperature (as an
indicator of stratification) and reported that most of the Indian Ocean (around 61%) had a parallel increase in
chlorophyll and sea surface temperature (SST) during 1979–1983 to 1998–2002. Though their period does not
line up with our study, our results show that a parallel increase in both stratification and depth‐integrated
chlorophyll is found in the BoB (Figure 12a). Though Dave and Lozier (2013) found a significant decrease of
both stratification and surface chlorophyll at the eastern EIO; our study did not find any significant relationship
there.

We identify two scenarios based on the temporal trends of depth‐integrated chlorophyll and depth‐integrated
NPP: first where both are decreasing, and second where both are increasing. In the AS, both depth‐integrated
chlorophyll and depth‐integrated NPP are significantly increasing in two spatial bins (Figure 12b) on the west-
ern side and decreasing in two spatial bins on the eastern side. We hypothesize that the decreasing scenario in the
AS is driven by the concurrent increase in stratification (Figure 12a). Conversely, we attribute the increasing trend
in depth‐integrated chlorophyll and NPP in the western AS to rising dust concentrations, driven by winds
transporting dust from the Arabian and Mediterranean regions. This increase in atmospheric dust during
1998–2019 overlaps with this study period by 7 years (Kuttippurath et al., 2023), lending further support to this
hypothesis. In the BoB, both depth‐integrated chlorophyll and NPP anomaly increase significantly (four spatial
bins; Figure 12b). There is a decline in the Himalaya glacier with an enhanced decreasing trend since the 1990s
(Dimri et al., 2021) which results in an increase in river discharge to the BoB, which is a source of nutrients
(Krishna et al., 2016). Apart from nutrients supplied by the Ganges‐Brahmaputra river system and wind‐driven
upwelling and vertical mixing, atmospheric dust deposition (Siswanto et al., 2023) is also an important source of
inorganic nutrients, especially in the central/eastern BoB and those dust depositions intrude into the BoB from the
southwest. Dust concentrations show the highest values near the western BoB (Kuttippurath et al., 2023).
Moreover, the deposition of nutrients from aerosols can compensate for the declining trends of NPP due to
warming (Sridevi et al., 2023). Aerosols are mainly transported from the Indo‐Gangetic Plain and the distribution
decreases towards the east and southern BoB (Kuttippurath et al., 2023). Another possible reason could be cy-
clones and cyclonic eddies, that are generated in the BoB and can intensify Ekman divergence, thus supplying
more nutrients which can enhance chlorophyll (Jayaram et al., 2019). In the EIO, one spatial bin in the northeast
shows a decrease, while one spatial bin in the central EIO shows an increase in both depth‐integrated chlorophyll
and depth‐integrated NPP (Figure 12b). Over South and Southeast Asia, atmospheric pollutants are increasing
rapidly since the middle of the 1990s (Kurokawa & Ohara, 2020). It was observed that between 2001 and 2020
due to an increase in anthropogenic pollutants over South and Southeast Asia, there is an increase in aerosol mass
load, nitrate and ammonium concentrations and 27%–30% of the primary production in the northern Indian Ocean
is contributed by the atmospheric deposition of nutrients (Sarma et al., 2022).

Atmospheric deposition is generally considered a minor nutrient source in the northern Indian Ocean (Singh
et al., 2012) compared to oceanic processes such as mixing and upwelling. However, recent evidence suggests
that nitrogen deposition can partially compensate for climate‐driven reductions in primary productivity in certain
regions, particularly in the central AS and the western BoB (Malsang et al., 2024), and thus modulate regional
productivity trends despite increasing stratification. Increased atmospheric deposition might account for the
positive trend in chlorophyll and NPP that we observed in the BoB and in the central and western AS. The
observed chlorophyll trends in the northern Indian Ocean are likely driven by a combination of large‐scale climate
forcing and regional oceanographic processes that regulate nutrient supply to the euphotic zone. In addition to
large‐scale stratification and monsoon‐driven mixing, changes in regional coastal circulation may also play an
important role. Recent studies have reported an increased influx of low‐salinity water into the eastern AS during
1990–2010, attributed to the strengthening of the Northeast Monsoon Current and the West India Coastal Current
(Varna et al., 2021). Our study shows an increase in stratification in the eastern AS, which may be connected to
this increasing influx of low‐salinity water. We also observed a decrease in chlorophyll and NPP in this region,
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likely due to reduced vertical mixing. Changes in monsoonal patterns associated with land‐sea temperature
contrasts are therefore expected to influence this region (Prakash & Ramesh, 2007). Variability in coastal cir-
culation and alongshore wind forcing can substantially alter upwelling intensity and cross‐shelf transport, thereby
modulating nutrient supply and biological productivity. Changes in zonal winds and thermocline depth linked to
large‐scale climate modes such as the IOD and ENSO may further contribute to regional variability. While the
present analysis does not quantify individual mechanisms, the observed chlorophyll trends with these known
physical processes suggests that changes in circulation and mixing/stratification likely contribute to the patterns
reported here.

4.3. Chlorophyll Response to Climate Variability

Both ENSO and IOD have been shown to significantly influence near‐surface physical processes in the northern
Indian Ocean, such as upwelling, downwelling, atmospheric circulation and mixing, and therefore it is likely that
they will also influence regional patterns in chlorophyll and productivity (Pandey et al., 2019). Although previous
work has identified close coupling between inter‐annual variability in chlorophyll and IOD and ENSO modes in
the northern Indian Ocean (Yin et al., 2022), regional differences in the strength of the effect of these climate
modes and their impact on depth‐integrated chlorophyll is still not well understood, largely due to a lack of depth‐
resolved chlorophyll data. In this study, significant regional differences were found in the strength and the sign of
the correlation between depth‐integrated chlorophyll and NPP and these climate modes (Figures 10 and 11).

In the BoB, both depth‐integrated chlorophyll and NPP have a larger weak negative correlation with ENSO than
IOD (Figures 10 and 11). The depth‐integrated chlorophyll has a weak negative correlation with ENSO in the
upwelling region near Sri Lanka (r = − 0.30). Our study agrees with Siswanto et al. (2023) that the surface
chlorophyll in the southwest BoB is negatively correlated (r = − 0.27) with the Niño3.4 ENSO index. El Niño
events can bring in warmer surface water and shorter summer monsoons which in turn can reduce upwelling and
result in reduced productivity (Currie et al., 2013; Kao & Yu, 2009; Syroka & Toumi, 2004). Therefore, depth‐
integrated chlorophyll and NPP is lower (higher) during El Niño (La Niña). Our study also shows that the northern
and eastern parts of the BoB have a weak negative correlation with IOD, which indicates depth‐integrated
chlorophyll and NPP are low (high) during positive (negative) IOD. This is because, during the negative IOD,
an enhanced wind curl and anomalously strong cyclonic circulation co‐exists in the BoB, which strengthens
Ekman pumping, thus resulting in enhanced chlorophyll (Xu et al., 2021). Negative IODs significantly enhance
precipitation and river discharge (Pervez & Henebry, 2015) which can bring nutrients. Moreover, more cyclones
and cyclonic eddies are generated in the BoB during negative IOD (Mahala et al., 2015), which can intensify
vertical mixing and nutrient supply into the euphotic zone and result in increased chlorophyll.

We found that the eastern and western AS respond differently to ENSO and IOD. The eastern AS has a weak
positive correlation and western AS shows a moderate negative correlation between depth‐integrated chlorophyll
anomaly and ENSO (Figure 10b). During El Niño, the western AS experiences warmer SST and a shortened
summer monsoon, resulting in a reduced duration of active upwelling and lower productivity (Currie et al., 2013).
Using satellite data (OC‐CCI) for June–September 1998–2016, Shafeeque et al. (2021) found no significant
correlation between chlorophyll and ENSO in the south‐eastern AS and indicated that chlorophyll is negatively
correlated with IOD. However, our study found a weak positive correlation at the western, southeastern AS and a
weak negative correlation at the northeastern AS between the depth‐integrated chlorophyll and NPP anomalies
and IOD, which agrees with the findings of Sankar et al. (2019). Their study used remotely sensed surface
chlorophyll concentration over 1998 to 2014 and found that surface chlorophyll concentration and IOD are
significantly negatively correlated in the eastern AS and mentioned that local surface winds in the eastern AS are
less favorable for upwelling during positive IOD. Peter et al. (2022) emphasized that the variability of the AS
surface circulation and eddy activities during the IOD events can impact the variability of chlorophyll distri-
bution. During a negative IOD, the eastern AS experiences increased Ekman suction, enhanced coastal upwelling,
and a shoaling of the thermocline, all of which promote higher chlorophyll concentration (Thushara &
Vinayachandran, 2020).

Depth‐integrated chlorophyll and NPP in EIO are more significantly correlated with the IOD than ENSO. Our
study found a weak positive correlation between depth‐integrated chlorophyll and NPP anomalies and IOD in the
eastern EIO which is supported by previous findings of Xu et al. (2021). They used chlorophyll data derived from
the Moderate Resolution Imaging Spectroradiometer‐Aqua, covering the period from January 2003 to December
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2018. During a positive IOD, increased wind divergence along the eastern EIO enhances upwelling, boosting
chlorophyll concentrations in the region. In contrast, during a negative IOD, the reversal of this forcing anomalies
reduces upwelling, leading to lower chlorophyll levels (Xu et al., 2021). The depth‐integrated chlorophyll and
NPP anomalies in the eastern EIO show a weak positive correlation with ENSO, as also noted by Currie
et al. (2013), who used merged satellite chlorophyll data from the European Space Agency's GlobColour project
(1998–2009) along with an ocean general circulation model (OGCM). This positive correlation is primarily
driven by upwelling of cold, nutrient‐rich waters.

Previous work has shown that in the northern Indian Ocean, the influence of El Niño on chlorophyll anomalies is
weaker than the influence of IOD based on surface chlorophyll reanalysis data from 1993 to 2007 (Pandey
et al., 2019). However, our study based on depth‐integrated chlorophyll from BGC‐Argo suggests a stronger
ENSO impact on chlorophyll variability in this region, comparable to that of the IOD based on the strength of
correlations between chlorophyll and these climate modes. Our study also finds that neither depth‐integrated
chlorophyll nor NPP in the southern AS, southern BoB, and central Equatorial Indian Ocean are significantly
correlated with IOD or ENSO (Figure 11).

There is relatively short temporal extent to our data set, which comprises 10 years of data collected across the
Indian Ocean. Four spatial bins have 10 years of data, and a total of 26 bins have five or more years of data.
Despite the patchy coverage (Figure S3 in Supporting Information S1), there are sufficient data to identify short‐
term trends in physical and biological water column properties. Longer time series, ideally longer than 40 years,
would be needed in order to detect the impact of climate modes on the interannual variability of depth‐integrated
chlorophyll with confidence (Henson et al., 2010). However, in the absence of such data sets in the Indian Ocean,
we believe that the results of this work leveraging a decade of depth‐resolved biogeochemical data already serves
to highlight the value of the data being collected autonomously by BGC‐Argo floats and their continuing role in
helping to identify trends in the temporal dynamics of surface ocean productivity.

5. Conclusions
In this paper, we provide a new view of inter‐annual trends in depth‐integrated chlorophyll abundance and
variability in the northern and Equatorial Indian Ocean based on a 10‐year time series of depth‐resolved data from
BGC‐Argo floats. Earlier studies focused on surface chlorophyll using remote sensing, modeling, or sparse in situ
data sets to understand the seasonal variability and trends in this region. However, with this study we have
leveraged a large set of depth‐resolved data, which unlike satellite products is not impacted by cloud cover, and
gives a fuller view of the distribution of productivity and chlorophyll throughout the whole of the euphotic zone
and not just the first optical depth. This work has uncovered spatio‐temporal similarities and differences among
the AS, BoB, and EIO in terms of surface and depth‐integrated chlorophyll and NPP, MLD, DCM, and strati-
fication. We have shown that depth‐integrated chlorophyll and NPP both have positive trends in most of the BoB,
the western AS, and some parts of the EIO, whereas in the eastern AS, the northern BoB, and other parts of the
EIO both have a decreasing trend.

Stratification in the northern Indian Ocean is mostly increasing, and the rate of increase is higher in the western
BoB and the eastern EIO. Although temperature remains the dominant factor influencing stratification, its
contribution has slightly decreased over time, while the influence of salinity has marginally increased. Stratifi-
cation is not strongly correlated with depth‐integrated chlorophyll and has mostly a weak positive correlation in
the BoB, weak negative correlation in the AS, and both weak positive and negative correlation in the EIO.
However, in most parts of the study area, depth‐integrated NPP is not significantly correlated with stratification,
suggesting that the strength of stratification primarily exerts a localized effect on productivity, rather than
influencing the entire northern and Equatorial Indian Ocean in a homogeneous way. In the study region, ENSO is
equally important along with the IOD; most of the northern Indian Ocean has a weak negative correlation between
depth‐integrated chlorophyll/NPP and IOD/ENSO. A longer time series and more focused regional analysis are
needed to understand how the rapid warming of the Indian Ocean might drive changes in temperature and
stratification, and how those will impact surface ocean productivity into the future. Confidence in this trend could
be increased through the use of longer data sets and multiple observational sources. However, our results provide
preliminary evidence to suggest that increased stratification will not necessarily result in decreased productivity
and that in some parts of the Indian Ocean, productivity and chlorophyll concentrations can increase even in the
face of increased stratification.
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