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Since 1980, atmospheric pollutants in South Asia and India have dramatically

increased in response to industrialization and agricultural development,

enhancing the atmospheric deposition of anthropogenic nitrogen in the

northern Indian Ocean and potentially promoting primary productivity.

Concurrently, ocean warming has increased stratification and limited the

supply of nutrients supporting primary productivity. Here, we examine the

biogeochemical consequences of increasing anthropogenic atmospheric

nitrogen deposition and contrast them with the counteracting effect of

warming, using a regional ocean biogeochemical model of the northern Indian

Ocean forced with atmospheric nitrogen deposition derived from an Earth

System Model. Our results suggest that the 60% recent increase in

anthropogenic nitrogen deposition over the northern Indian Ocean provided

external reactive nitrogen that only weakly enhanced primary production (+10

mg C.m–2.d–1.yr–1 in regions of intense deposition) and secondary production

(+4 mg C.m–2.d–1.yr–1). However, we find that locally this enhancement can

significantly offset the declining trend in primary production over the last four

decades in the central Arabian Sea and western Bay of Bengal, whose magnitude

are up to -20 and -10 mg C.m–2.d–1.yr–1 respectively.
KEYWORDS

atmospheric deposition, primary production, export, Indian Ocean, biogeochemical
cycling, anthropogenic aerosols, nutrients, fertilization
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1 Introduction
From 1980 to 2017, anthropogenic emissions of reactive N (Nr)

in India have more than doubled (about +12 TgN.yr–1). This change

reflects an increase in both oxidized N emissions (NOx ≡NO+NO2,

about +7 TgN.yr–1 equivalent to +300%), predominantly stemming

from fossil fuel combustion, and NH3 emissions (about +5 TgN.yr–1

equivalent to +80%), primarily originating from agriculture

(McDuffie et al., 2020). In the atmosphere, Nr participates in

many photochemical reactions that play a major role for air

pollution before it is removed by wet and dry deposition. These

photochemical processes also convert part of Nr to long-lived

compounds such as peroxyacetylnitrate (PAN) or particulate

ammonium and nitrate, which facilitates the transport of

anthropogenic Nr from continental sources to the Indian ocean.

Increasing Nr deposition over the Indian ocean is supported by

observations of reactive nitrogen species and dry-deposition fluxes,

which have consistently highlighted the northern Indian Ocean,

particularly Indian coasts and the northern Bay of Bengal (BoB), as

hot spots for atmospheric nitrogen deposition due to proximity to

source emissions (Sarma et al., 2022; Singh et al., 2012; Srinivas

et al., 2011; Srinivas and Sarin, 2013; Wiggert et al., 2006a).

The northern Indian Ocean has long been presumed N-limited

(Morrison et al., 1998; Wiggert et al., 2005, 2006a; Lévy et al., 2007;

Twining et al., 2019), suggesting potentially large integrated impacts

of atmospheric nitrogen deposition on its productivity (Hamilton

et al., 2023). However, it is important to acknowledge that the

nutrient dynamics in the northern Indian Ocean is complex,

variable in space and time and relatively poorly studied in-situ.

Several observational and modeling studies (Morrison et al., 1998;

Wiggert et al., 2005, 2006b; Koné et al., 2009; Twining et al., 2019;

Thangaradjou et al., 2014; Hood et al., 2024) provide insights into

the northern Indian Ocean productivity patterns and nutrient

limitation, highlighting the key role of nitrogen limitation but

also suggesting the potential role of co-limitations (e.g. nitrogen,

phosphorus and iron in particular). Our understanding of how

atmospheric nitrogen deposition contributes to biological

production in the region remains limited, with most studies

focusing on dust and iron deposition (Guieu et al., 2019; Patra

et al., 2007b) and few model estimates available for the Bay

of Bengal.

Concomitantly, Sridevi et al. (2023) observed between 2001 and

2020 a strong heterogeneity in the warming of the sea surface in the

northern Indian Ocean influencing the rate of net primary

production (NPP). Significant warming has been observed and a

decline in productivity has been modeled south of 12°N, which are

commonly attributed to decreased inputs of nitrogen from the

subsurface ocean, either by reduced upwelling (off-Somalia) or

increased stratification, and without accounting for atmospheric

inputs (Roxy et al., 2016; Peng and Wang, 2024; Sridevi and Sarma,

2022). However, insignificant trends in NPP and warming were

observed north of 12°N, associated with higher levels of

anthropogenic aerosols (Sridevi et al., 2023). These trends suggest
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that the increasing deposition rate of nutrients from the aerosols

could compensate for NPP declining trend due to warming in the

northern Indian Ocean. Quantifying with an ocean biogeochemical

model the balance between atmospheric deposition, which provides

nitrogen, and warming, which restricts its supply by ocean

circulation, becomes imperative for discerning accurately future

spatio-temporal patterns of changes in the upper ocean

biogeochemistry of the region.

In this study, we evaluate how much of the climate-driven

productivity decline in the northern Indian Ocean is offset by the

increase in N deposition, and quantify the efficiency of N deposition

in driving additional productivity and carbon export below the

surface layer (below 100 m depth). We address these questions with

a state-of-the-art eddy-resolving ocean biogeochemical model of the

Indian Ocean, forced either with increasing or fixed atmospheric N

deposition, and quantify the change in primary production and

export over the past four decades attributed to climate variability on

the one hand, and to atmospheric N deposition on the other.
2 Materials and methods

The offset of primary production decline over the last forty

years (1980-2020) in the northern Indian Ocean is evaluated with a

set of three regional model simulations which are described below.

The most realistic one captures the effects of climate variability on

changes in ocean circulation and nutrient supplies, as well as the

impact of increasing atmospheric deposition of nitrogen. In the

second experiment, the external sources of nitrogen are kept

constant at 1980s levels. The third one is a control experiment

with both atmospheric forcing and deposition constant to 1980s

levels. The comparison of the different simulations is then

performed over the 40-year period (1980-2020) using trends to

represent separately the effects of climate and of nitrogen deposition

on primary productivity.
2.1 Ocean biogeochemical model

The simulations were conducted with the Geophysical Fluid

Dynamic Laboratory (GFDL) Modular Ocean Model version 6

(MOM6) (Adcroft et al., 2019; Dunne et al., 2020) coupled to the

ocean biogeochemical model Carbon, Ocean Biogeochemistry and

Lower Trophics version 2 (COBALTv2) (Stock et al., 2020, 2014).

We used an ‘eddy resolving’ regional configuration of the Indian Ocean

with a 1/12° horizontal resolution (~8 km resolution), hereafter

MOM6-COBALT-IND12. The methodology for the regional setup is

similar to that used by Ross et al. (2023) in the Northwest Atlantic.

MOM6-COBALT-IND12 covers the Arabian Sea, the Bay of Bengal

and the equatorial Indian Ocean down to Java (32°E to 114°E and 8.6°S

to 30.3°N, Figure 1). It includes 75 hybrid z*-isopycnal levels with z*

coordinate near the surface (2-m layers at the surface) and a modified

potential density coordinate below, identical to the hybrid z*-isopycnal

developed in Adcroft et al. (2019).
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COBALTv2 integrates 33 tracers including three phytoplankton

groups (small, large phytoplankton and diazotrophs), three

zooplankton size classes (small, medium, large), the biogeochemical

cycles of five limiting nutrients [nitrate (NO3
–), ammonium (NH4

+),

phosphate (PO4
3–), silica (silicic acid Si(OH)4), and iron (Fe)],

dissolved oxygen, carbonate species, three pools of dissolved

organic matter, and particulate organic matter (Stock et al., 2020).
2.2 Atmospheric deposition

Dry and wet atmospheric deposition of Fe, lithogenic dust,

PO4
3–, NO3

–, and NH4
+ used to force the simulations were

produced by the GFDL’s Earth System Model Version 4.1

(ESM4.1, Dunne et al., 2020) published as part of the Coupled

Model Intercomparison Project 6 (Eyring et al., 2016; O’Neill et al.,

2016). ESM4.1 includes a detailed representation of anthropogenic

and natural (e.g., biomass burning, lightning) reactive N emissions,

photochemical processing, and removal by wet and dry deposition.

ESM4.1 also includes an interactive representation of the land-

atmosphere-ocean cycling of dust and ocean ammonia outgassing

(Paulot et al., 2020; Horowitz et al., 2020).

Here, we use archived deposition fields from the historical run

over the 1980–2014 period 1 and from the high emissions SSP5-8.5

scenario after 20152. Historical and SSP5-8.5 anthropogenic

emissions are from Hoesly et al. (2018) and Kriegler et al. (2017),

respectively. Note that the choice of SSP5-8.5 has little influence on

the results as the deposition between 2015 and 2020 are very similar

in all the scenarios. The raw atmospheric deposition data, derived

from ESM4.1, were processed to create atmospheric deposition

forcing files for the ocean biogeochemical model spanning years

1980 to 2020. For dry and wet deposition of oxidized and reduced

N, the objective was to retain the long-term trend and seasonality of

the atmospheric deposition simulated by the ESM but remove

interannual variability which is not in phase with the variability
1 https://www.wdc-climate.de/ui/cmip6?input=CMIP6.CMIP.NOAA-

GFDL.GFDL-ESM4.historical.

2 h t t p s : / / w w w . w d c - c l i m a t e . d e / u i / c m i p 6 ?

input=CMIP6.ScenarioMIP.NOAA-GFDL.GFDL-ESM4.ssp585.

Frontiers in Marine Science 03
that occurred in nature over the 1980-2020 period. This was

achieved using a 15-year moving average by month that preserves

the seasonal increasing trend. For Fe and PO4
3– deposition, we used

seasonal climatologies for the 1980-2020 period, i.e., there is no

long-term trend or interannual variability. Fe deposition was

directly taken from ESM4.1 outputs while PO4
3– deposition was

derived from the ESM4.1 climatology in dry lithogenic dust

deposition, considering 563 ppm phosphorus content in dust, of

which 22% is bioavailable (see values from global ocean averages of

Herbert et al. (2018) and Ross et al. (2023)).

Atmospheric deposition over the northern Indian Ocean is

strongly influenced by the seasonally reversing monsoonal winds

(Singh et al., 2012; Gadgil, 2003; Shankar et al., 2002; Schott and

McCreary, 2001), which blow from the northeast direction during

the winter monsoon (November to February) and from the

southwest direction during the summer monsoon (June to

September). Patterns in atmospheric nitrogen deposition closely

follow these monsoonal winds and precipitation. Over the northern

Indian Ocean, dry deposition rates are linked to regional wind

patterns, which modulate the loading of Nr within air masses and

their trajectories. Notably, during the winter monsoon, higher

deposition rates are observed in the eastern Arabian Sea (AS)

attributed to northeast winds transporting aerosols from land to

sea (Hamilton et al., 2023; Singh et al., 2012; Sarma et al., 2022). The

1980-2020 average dry deposition of nitrogen, obtained from the

ESM4.1 model simulations, is 0.024 mmol N.m–2.d–1, comprising

77% oxidized and 23% reduced nitrogen. Conversely, wet

deposition occurs through scavenging by clouds and precipitation,

and is particularly prominent during the rainy summer monsoon in

the Bay of Bengal (Jiang et al., 2021; Sinha et al., 2019). The

estimated 1980-2020 average wet deposition of nitrogen in the

northern Indian Ocean is 0.044 mmol N.m–2.d–1, with 45% oxidized

and 55% reduced nitrogen.
2.3 Simulations and experimental protocol

Three simulations were conducted using the MOM6-COBALT-

IND12 model to assess the influence of atmospheric N deposition

and of climate variability (e.g., warming) on primary productivity

and carbon export in the Indian Ocean. They were run from 1980 to
FIGURE 1

Increased nitrogen deposition in the northern Indian Ocean from 1980 to 2020. (A) Monthly time series of nitrogen deposition averaged over the
northern Indian Ocean (mmolN.m−2.d−1) and its 15-year running average (thick black line). (B) Mean nitrogen deposition averaged from 1980 to 2020
over the northern Indian Ocean (mmolN.m−2.d−1) simulated by the GFDL ESM4.1 model.
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2020 using the hourly European center for medium-range weather

forecasts reanalysis 5th generation (ERA5) atmospheric forcing e.g.,

wind, air tempearture and humidity, radiation, precipitation;

(Hersbach et al., 2020). The simulations include explicit

barotropic tidal momentum forcing based on the TPX09 product

(Kriegler et al., 2017). River freshwater discharges in both

simulations were sourced from the gridded daily Global Flood

Awareness System (GloFAS) reanalysis version 4.0 (Harrigan

et al., 2020). Riverine inputs of dissolved inorganic and organic

nitrogen and phosphorus and particulate nitrogen were using the

annual mean values (referenced to year 2000) from GLOBAL

NEWS2 (Mayorga et al., 2010). The constant concentrations of

DIC, alkalinity, and lithogenic minerals from river sources were

allocated in both simulations, using the same values specified in

Stock et al. (2020). The dissolved iron from rivers is set at a value of

70 nanomolar, according to Raiswell and Canfield, 2012. The open

boundary conditions (OBCs) for temperature, salinity and velocity

are derived from the monthly Ocean Reanalysis System (ORAS5)

product (Zuo et al., 2019). OBCs for nitrate, phosphate, silicate, and

oxygen are based on monthly climatologies from the World Ocean

Atlas 2018 (Boyer et al., 2018) and OBCs for dissolved inorganic

carbon (DIC) and alkalinity are based on annual mean values from

GLODAPv2 (Olsen et al., 2016). Simulations were started after a 32-

year spin-up achieved by looping four 8-year 1980-1987

forcing loops.

The first simulation, includes the effect of both climate change

and nitrogen deposition and is referred to as the CC-NDEP

experiment. CC-NDEP represents the evolution from 1980 to

2020 for the atmospheric forcing and the atmospheric deposition

of dry and wet nitrogen (NO3
–, and NH4

+), phosphate (PO4
3–),

lithogenic dust, and iron (Fe). The second simulation, isolates the

effect of climate change and is termed the CC experiment. CC sets

the atmospheric nitrogen deposition constant to 1980 levels while

maintaining the evolution of the atmospheric forcing and the

deposition of lithogenic dust, phosphate and iron identical to the

CC-NDEP experiment. The third experiment represents a control

simulation referred to as the CTRL with constant atmospheric

forcing and deposition using a loop from 1980-1987 of the CC-

NDEP experiment. We define the ‘Climate change response’ as the

CC experiment and the ‘Nitrogen deposition change response’

as the difference between the CC-NDEP and CC experiments.

We focus the analysis on the northern Indian Ocean (3°-32°N,

50°-100°E), AS (3°-32°N, 50°-78°E) and BoB (3°-32°N, 78°-

100°E), (Figure 1B).
3 https://www.ncei.noaa.gov/products/world-ocean-atlas, accessed on

May 18th, 2020.

4 https://www.seanoe.org/data/00806/91774/, accessed on December

9th, 2022.

5 https://esa-oceancolour-cci.org/, accessed on June 8th, 2023.

6 http://sites.science.oregonstate.edu/ocean.productivity/index.php,

accessed on October 17th, 2023.
2.4 Trend analysis and export efficiency

We use in our study the spatial trends over the 1980-2020

period calculated using simple linear regression with 95%

confidence interval to estimate the effects of climate and N

deposition on the northern Indian ocean biogeochemistry. The

trend of CC-NDEP minus the trend of CC corresponds to that of

the ‘Nitrogen deposition change response’, and the trend of CC to

the ‘Climate change response’. The CTRL simulation showed no
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significant trend in the Northern Indian Ocean, suggesting that the

model drift is small.

We also estimate the export efficiency for these two responses,

computed as the ratio of exported organic carbon at 100 meters to

primary production, integrated over the 1980-2020 period for the

northern Indian ocean. The comparison between these ratios

determine which response has the largest effect over the period. A

higher export efficiency for the ‘Nitrogen deposition change

response’ than for the ‘Climate change response’ suggests that the

additional primary production driven by the N deposition leads to

more export in deep waters compared to the primary production

driven by climate change.
2.5 Observations

We evaluate the MOM6-COBALT-IND12 model against

observation-based upper ocean stratification and satellite-derived

biogeochemical fields. We used the annual climatology of

temperature and salinity, obtained from World Ocean Atlas 2018

(WOA18)3 (Locarnini et al., 2018; Zweng et al., 2019), to compute

upper-100m-averaged buoyancy frequency (N2), with a resolution

of 0.25°×0.25°. We used the observation-based monthly climatology

of mixed layer depth (MLD) at 1°×1° spatial resolution, calculated

with a fixed threshold criterion (0.03 kg.m–3) in density (de Boyer

Montégut et al., 2004), obtained from the SEANOE website4.

Satellite-based monthly chlorophyll concentrations with a

resolution of 4 km, derived by SeaDAS using a blended

combination of OCI (OC4v6 + Hus CI), OC3, and OC5

algorithms contingent upon water class memberships

(Sathyendranath et al., 2019), were obtained from the ESA Ocean

Colour Climate Change Initiative (OC-CCI v5.0) website5. Satellite-

based net primary productivity, also computed monthly with a

resolution of 1/6°, relies on the updated Carbon-based Production

Model (CbPM) algorithm developed by Westberry et al. (2008),

accessible via the Ocean Productivity website6. All satellite-based

data was regridded to a resolution of 0.25°×0.25°.
3 Results

After presenting the atmospheric N deposition patterns

(Figure 1), and then evaluating the model (Figure 2) and its

declining trend in productivity over the recent period, we explore

how atmospheric N deposition could act as a compensatory
frontiersin.org
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fertilizing mechanism counterbalancing the decline in productivity

tied to climate change. To distinguish the influence of the

atmospheric N deposition from that of climate variability, the

‘Climate change response’ and ‘N deposition change response’ for

primary production, secondary production, carbon export below

100 m depth and surface chlorophyll concentration are evaluated

separately (Figures 3–5). Finally, the efficiency of N deposition in

driving additional production and export is evaluated (Figure 6).
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3.1 Characterization of atmospheric
N deposition

Atmospheric N deposition simulated by the GFDL atmospheric

model has significantly increased in the Indian Ocean over the past

four decades (Figure 1A). The mean N deposition from 1980 to 2020

exhibits a pronounced east-west gradient in the AS and north-south

gradient in the BoB (Figure 1B). Notably, substantial deposition rates
FIGURE 2

Comparison of observation-based and modelled ocean properties in the northern Indian Ocean. Left column: observation-based estimates of (A)
surface chlorophyll (mg.kg−1), (C) 0-100m integrated net primary production (NPP, mgC.m−2.d−1), (E) 0-100m averaged squared buoyancy frequency
(N2, s−2), and (G) mixed layer depth (MLD, m). Right column: same as left column, but for output from the CC-NDEP simulation (B, D, F, H). Black
contours indicate specific values corresponding to the levels shown on each colorbar. Surface chlorophyll and NPP were averaged over the
observation period 2003-2020. N2 and MLD were averaged over 1980-2020. The observational products used for each variable are given in the
Material and methods.
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are found in the northern BoB and eastern AS (0.2 mmol N.m–2.d–1

along the coasts of India, Bangladesh and Myanmar) going down to

much lower values in the western AS and southern BoB (0.02 mmol

N.m–2.d–1). Moreover, the time series of atmospheric N deposition

reveals a clear upward trend in total N deposition (NIO: 0.0017, AS:

0.0015, BoB: 0.002 mmol N.m–2.d–1.yr–1) with decreasing trends in

total N deposition from the coasts to offshore areas (0.25 to 0.05

mmol N.m–2.d–1 (see Supplementary Figure S3). A progressive

increase in the amplitude of the seasonal cycle of deposition is

observed in the northern Indian Ocean throughout the period

1980-2020 reaching +0.068 mmol N.m–2.d–1 (Figure 1A). These

spatial gradients arise from the interplay between seasonal reversals

of monsoonal winds, precipitation patterns and location of

continental emission sources. In summer, deposition peaks in the

northern BoB and in the coastal eastern AS where southwesterly

winds can carry aerosols originated from land and precipitation is

most intense (see Supplementary Figure S1). In winter, deposition is

more homogeneous over the northern Indian Ocean due to lower

precipitations and northeasterly winds that blow over the continent

before reaching the open ocean (see Supplementary Figure S1).

While observational estimates of total N deposition are not

available for the region, Sarma et al. (2022) provide estimates of the

dry component of N deposition. The strong spatial gradients in dry

N deposition simulated by the atmospheric model in the AS and

BoB (see Supplementary Figure S2) agree with the observation-

based estimates. Our estimate of mean dry N deposition over the

northern Indian Ocean between 2001 and 2020 varies spatially

between 0-1.8 mg N.m–2.d–1, similar to the range derived from

anthropogenic aerosol measurements by Sarma et al. (2022) (0-2.1

mg N.m–2.d–1). The atmospheric model and observation-derived

product depict similar gradients across the AS and BoB, presenting

higher fluxes along the eastern AS and northern BoB coastal

regions. However, they estimated the deposition of atmospheric

inorganic nitrogen over the entire AS and BoB over the (2001-2020)

period to be 1.7 +/- 0.4 and 0.9 +/- 0.2 TgN yr–1 respectively, which

magnitudes are higher than our N dry deposition trends simulated

by the ESM for the same period (AS: 0.47; BoB: 0.32 TgN yr–1).
3.2 Model evaluation of primary
productivity and upper ocean stratification

In this section, we evaluate the climatological mean over the

2003-2020 period for surface chlorophyll and net primary

production (NPP) in the model simulation (CC-NDEP) against

estimates from satellites and in-situ observations, as well as the

mean state of upper ocean stratification (mixed-layer depth MLD,

and buoyancy frequency N2 averaged in top 100 m, Figure 2).

Themodel reproduces the mean observed patterns of upper ocean

dynamics, including the strong AS-BoB contrast characterized by

lower stratification and deeper MLDs (down to 40 m) in the central

AS and highly stratified and very shallow MLDs in the northeast BoB

(Figures 2E, F). These distinct physical regimes dictate the pattern in

productivity by controlling the nutrient supply and phytoplankton

bloom dynamics (Wiggert et al., 2005, 2006a). In the AS, summer-
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monsoon upwelling along the Arabian Peninsula and southwest

Indian coast and winter-monsoon convective mixing in the

northeastern AS facilitate nitrogen supply to the surface. This

supply of nitrogen, along with the iron delivery from Arabian dust

deposition, fuels intense productivity (Jickells et al., 2005; Resplandy

et al., 2011; Singh et al., 2012). Conversely, the BoB exhibits lower

productivity, primarily because freshwater-induced stratification

inhibits the supply of nutrients by coastal upwelling and vertical

mixing (higher N2 and shallow MLD, Figures 2E–H), except at the

mouths of the Brahmaputra and Ganges rivers where nutrients

discharge is important during the rainy summer monsoon (Kumar

et al., 2004; Lévy et al., 2007; Prakash and Ramesh, 2007; Singh and

Ramesh, 2011; Singh et al., 2012).

We assess the model results by comparing surface chlorophyll

concentration and depth-integrated NPP in the CC-NDEP

simulation to satellite-based products averaged over the 2003-2020

period (Figure 2). The model reproduces the observed contrast of

high surface chlorophyll concentrations in the coastal upwelling

systems of Oman and southern India and along the coast of

Bangladesh and Myanmar (>1.2 mg.m–3) down to the very low

values offshore in the southern AS and central BoB (<0.2 mg.m–3,

Figures 2A, B). Patterns of modelled NPP are also consistent with the

distribution of remote-sensing-based estimates in each basin,

capturing elevated values reaching 1000 mg C.m–2.d–1 along the

coasts of Oman, Bangladesh, Myanmar and at the major Indian

deltas (Figures 2C, D). Our model estimates of NPP in the upper 5 m

over the 1994-2019 period reach 800 mgC.m–2.s–1 along the northern

Indian Ocean coasts and 0-350 mg C.m–2.d–1 in the open ocean. This

latter falls within the range of values measured during campaigns in

the northern Indian Ocean between 1994 and 2019, with estimates in

the AS ranging from 7.8 to 387 mg C.m–2.d–1 and in the BoB ranging

from 6.8 to 225 mg C.m–2.d–1 (Sarma et al., 2022).

The model tends to simulate higher surface chlorophyll

concentrations but lower NPP than those observed in the central

AS and southern BoB (Figures 2B, D). These systematic differences

likely arise from a combination of model biases, included in the

representation of the chlorophyll to carbon ratio and its sensitivity

to iron concentrations and light levels, and uncertainties in the

algorithms used to reconstruct surface chlorophyll and primary

productivity from satellite images, particularly in the Indian Ocean

(Kalita and Lotliker, 2023). It also highlights the well-known

limitation of using chlorophyll as a proxy for NPP. Nevertheless,

we are confident that the simulations capture the main patterns of

productivity in the region.

We further evaluate the temporal change in modelled primary

production over the 1980-2020 period (Figure 3B). It suggests that

phytoplankton productivity has declined in the northeastern AS

and the central BoB (e.g., primary production decline of -10 mg

C.m–2.d–1.yr–1), but has insignificant trends elsewhere. Trend in

primary production obtained from satellite observations covering

the 2003-2020 period are not significant in the northern Indian

Ocean (not shown), likely due to the short period and high

interannual variability. We find, however, that the trends in our

model agree with the trends found in the Copernicus Marine

Environment Monitoring Service (CMEMS) high-resolution
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FIGURE 3

Simulated baseline state and trend contributions in the northern Indian Ocean primary production: total contribution, negative contribution due to
climate change and positive contribution due to N deposition change. (A) Primary production integrated in top 100m averaged over 1980- 1985 for
CC-NDEP simulation (mgC.m−2.d−1), (B) its trend over 1980-2020 in CC-NDEP experiment (mgC.m−2.d−1.yr−1), (C) its ‘Climate change response’
trend over 1980-2020 in the CC experiment and (D) ‘N deposition change response’ trend over 1980-2020 in the (CC-NDEP minus CC) experiment.
The masking regions indicate no significant trends (p > 0.05).
FIGURE 4

Simulated baseline state and trend contributions in the northern Indian Ocean secondary production, C export, and surface chlorophyll.
(A) Secondary production integrated in top 100m, (D) C export at 100m (mgC.m−2.d−1) and (G) surface chlorophyll concentration (mg.kg−1) averaged
over 1980-1985 for CC-NDEP simulation, their ‘Climate change response’ trend (B, E, H) and ‘N deposition change response’ trend (C, F, I) over
1980-2020. The masking regions indicate no significant trends (p > 0.05).
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reanalysis data7 used in Maishal (2024), which show a decline in

primary production (-1.0 to -2 mg C.m–3.d–1.yr–1) in the northern

Indian ocean over the period 1998-2022.
3.3 Climate change response

The impact of climate variability on the biogeochemistry of the

Indian Ocean is evaluated by measuring the temporal change in

productivity (primary production, secondary production, carbon

export, surface chlorophyll) over the 1980-2020 period in the

climate change (CC) experiment. First we describe the general

patterns in the 1980s (Figures 3A, 4A, D, G) and then the climate

change response trends (Figures 3C, 4B, E, H).

Primary productivity integrated over the upper 100 m shows

zones of intense productivity, with values exceeding 1000 mg C.m–

2.d–1, particularly evident in upwelling regions such as the western

AS (Figure 3A). These zones of intense productivity coincide with

regions exhibiting significant secondary zooplankton production

(exceeding 250 mg C.m–2.d–1) and carbon export below 100 m

depth (exceeding 100 mg C.m–2.d–1). Lowest productivity and

export patterns are observed in the southeastern AS and central

BoB where nutrient supply by ocean dynamics is low and N

limitation is high.

The climate change response is characterized by decreasing trends

in primary production, secondary production and export production

reaching respectively around -20, -5 and -2 mg C.m–2.d–1.yr–1 in the

eastern AS and western BoB (Figures 3C, 4B, E, H), with significant

trends reaching -40, - 20 and -10 mg C.m–2.d–1.yr–1 found in the

coastal eastern AS. To identify the drivers of this decreased

productivity associated with the climate change response, we

examine the temporal change in surface layer nutrient limitation and

the nitracline depth over the 1980-2020 period in the CC simulation

(Figure 5). The nutrient limitation represents the Liebig’s nutrient

limitation factor, calculated as the minimum of nitrogen limitation

(including NO3
–, and NH4

+), phosphorus limitation, and iron

deficiency, and the nitracline depth is representing the NO3
–

concentration at 1 mmol.kg−1. The eastern AS exhibits a reduced
7 https://data.marine.copernicus.eu/products.
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vertical nutrient supply along the Indian coast and offshore that is

characterized by a stronger limitation with a significant decrease in the

nutrient limitation coefficient up to -0.002 yr−1 coupled to an increase

of the nitracline depth of +0.2 m.yr–1. In the BoB, changes consistent

with reduced vertical nutrient supply are not significant. Nevertheless,

increased nutrient limitation in the AS dominates the ‘Climate change

response’ signal. Hence, these findings suggest that the decline in

productivity in the ‘Climate change response’ could be attributed to

reduced vertical nutrient supply associated with the deepening of the

nitracline, likely in response to upper ocean warming and enhanced

stratification, as previously reported in low-latitude oceans due to

global warming (Duce et al., 2008; Sarma et al., 2022; Roxy et al., 2016).
3.4 Nitrogen deposition change response

The impact of increasing N deposition on the biogeochemistry

of the Indian Ocean (Figures 3D, 4C, F, I) is evaluated by measuring

the temporal change in mean productivity (PP, secondary

production, carbon export, surface chlorophyll) over the 1980-

2020 period in the (CC-NDEP minus CC) experiment which

enables us to remove the climate effect.

We can first note that areas of naturally low productivity

remarkably coincide with areas experiencing intense N deposition

in the Indian open ocean (Figures 1B, 3A). This correspondence

suggests a potentially significant effect of N deposition in these

regions naturally characterized by limited N supply. We find that

the N deposition effect leads to increasing trends in primary

production (+10 mg C.m–2.d–1.yr–1), secondary production (+4 mg

C.m–2.d–1.yr–1) but insignificant ones for export in regions of intense

deposition in eastern AS and northern BoB. This contrasts with a

decrease in surface chlorophyll (about -0.01 mg.kg–1.yr–1) in the same

area of the eastern AS. As shown in the next section, this decrease in

surface chlorophyll despite the increase in primary production is

explained by the simulated increase in small phytoplankton (with

lower chlorophyll to carbon ratio) at the expense of large

phytoplankton (with higher chlorophyll to carbon ratio), in

addition to grazing pressures from increased secondary production.

These results suggest the fertilization effect of atmospheric N

deposition at the basin-scale.
FIGURE 5

Climate change response trend in the northern Indian Ocean primary production associated with reduced upward nutrient fluxes. (A) ‘Climate
change response’ trend for primary production over 1980-2020 (mgC.m−2.d−1.yr−1). (B) Surface layer nutrient limitation trend (yr−1) and (C) nitracline
depth trend (m.yr−1) in the northern Indian Ocean over 1980-2020 responding to climate change response. The nitracline corresponds to the depth
where NO3

– concentration reaches 1 mmol.kg−1 and has been obtained by vertically interpolating NO3
– concentration into 1-m resolution for the

upper 200 m. The masking regions indicate no significant trends (p > 0.05).
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The declining trend in primary production due to climate

change affects broader regions than the trend due to nitrogen

deposition change and likely represents the dominant factor

influencing the northern Indian Ocean’s primary production

(Figures 3C, D). Yet, the effect of nitrogen deposition change

offsets that of climate change in the central Arabian Sea and the

western Bay of Bengal by more than 70% and 100% respectively.

While these areas of significant trends are limited, the increase in

nitrogen deposition appears to have a notable local impact in

compensating climate-driven declines in productivity.
3.5 Efficiency of nitrogen deposition for
production and export

Here we examine whether N deposition is efficiently utilized, i.e.

how much of N deposition is used to increase primary production

and export. We find that the total surplus in primary production

due to N deposition is more than half of the total increase in N

deposition between 1980 and 2020, with 100 out of a total 167 Tg N

from N deposition used for primary production (60%, Figure 6A),

confirming that N deposition is efficiently used by phytoplankton.

In contrast, we find that the increase in export associated with the N

deposition is almost negligible, with only 5.5 out of 167 Tg N

exported (Figure 6A). This is because the additional N favors small

phytoplankton production (equivalent to +138 Tg N) that

contributes less to export, at the expense of a decline in large

phytoplankton production (-11 Tg N, Figure 6A). As a result, the

export efficiency associated with atmospheric N deposition of 5.5%

is much lower than the total export efficiency of the system of 11%

and the export efficiency associated with the climate change

response of 17% (Figure 6B).

While N deposition promotes small phytoplankton production

and total primary production, it does not manifest as a net increase

in the surface chlorophyll; instead, it drives a decrease in surface

chlorophyll (-0.01 mg.kg–1.yr–1, Figure 4I) as the average chlorophyll
to carbon ratio of the phytoplankton community decreases. This
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discrepancy between primary production and chlorophyll trends

highlights the challenge of estimating trends in primary production

from ocean color. To compound this effect, N deposition directly

contributes to the enhancement of secondary production, with an

increase exceeding +4 mg C.m–2.d–1.yr–1 (Figure 4C), which is likely

to further drive down surface chlorophyll from increased

zooplankton grazing rates.
4 Discussion

4.1 Comparison to previous work

Since the seminal work of Duce et al. (2008) over 15 years ago,

atmospheric nitrogen deposition, whose levels are increasing due to

anthropogenic disturbances, is increasingly recognized as a long-

term, low-level fertilization mechanism for marine productivity,

with significant implications for natural biogeochemical cycles

(Hamilton et al., 2023).

In the northern Indian Ocean, recent studies have documented

a significant increase in nitrogen deposition loads over 2001-2020

(Sarma et al., 2022) and have investigated the potential impact of

this increase on marine productivity (Sarma et al., 2020; Bikkina

et al., 2021; Srinivas and Sarin, 2013; Sridevi and Sarma, 2022).

Through microcosm experiments where aerosol samples were

mixed with coastal waters from the Bay of Bengal, Yadav et al.

(2016) and Kumari et al. (2022a) estimated that soluble nitrogen

deposition could enhance primary production by 3-33% and 3-19%,

respectively. Note that these microcosm experiments focus on the

surface layer and are conducted in coastal regions where nitrogen

deposition and phytoplankton response are high. Our modeling

results, which consider the photic zone production over the entire

basin, identify atmospheric nitrogen deposition hot spots along the

coasts of India, Bangladesh, and Myanmar, resulting in increases in

primary production of +10 mg C.m–2.d–1.yr–1 over the past four

decades. The discrepancy in percentage impact between microcosm

experiments and model observations might be partly explained by
FIGURE 6

Integrated and averaged impact of nitrogen deposition change on primary production, export and export efficiency (1980-2020). (A) Total change in total
primary production (dark green, TgN) and in export (yellow, TgN) in response to total N deposition change integrated from 1980 to 2020 (pink, TgN).
Integrated changes in small phytoplankton, large phytoplankton and diazotroph biomasses to total change in primary production are also represented
(light green bars, TgN). (B) Export efficiency calculated as export to primary production ratio averaged from 1980 to 2020 for the CC-NDEP experiment,
and for the ‘N deposition change response’ experiment (CC-NDEP minus CC) and ‘Climate change response’ experiment (CC minus CTRL).
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the fact that the model integrates the response over a broader spatial

and vertical scale, including areas with lower deposition and

phytoplankton response. It is also noteworthy that some of these

regions are within the northern Indian Ocean Oxygen Minimum

Zone (OMZ), where surface waters exhibit low N/P values due to

upwelling of denitrified waters, suggesting enhanced nitrogen

limitation in these areas.

Locally, the decreasing trend in primary production between

1980 and 2020 due to climate change can significantly be offset by

the increasing trend in atmospheric deposition of inorganic

nitrogen, with compensation reaching over 100% in some regions

of the western Bay of Bengal and 70% in the central Arabian Sea. As

discussed later in the ‘Limits’ section, this study does not account

for the role of dissolved organic nitrogen deposition, which could

further enhance this compensatory effect, as studies have shown

that dissolved organic nitrogen can be efficiently utilized by

phytoplankton (Sipler and Bronk, 2015; Sarma et al., 2019).

Therefore, the impact of atmospheric nitrogen deposition on

mitigating the decline in primary production is likely greater than

estimated here.

On a larger scale, and assuming that deposited nitrate and

ammonium were fully utilized by phytoplankton with a C/N ratio of

6.6, Sarma et al., 2022 estimated the contribution of atmospheric

deposition of inorganic nitrogen to primary production in the entire

BoB and AS at 14 ± 7% and 11 ± 8%, respectively. These estimates

are considerably higher than the results of our estimations

indicating that the total atmospheric N deposition has

contributed to supporting 100 Tg N for primary production

within the top 100 m in the NIO (Figure 6A), representing

approximately 0.6% of the total primary production over the

1980-2020 period (17270 Tg N). However, it is important to note

that Sarma et al., 2022 derived these values using primary

production confined to the uppermost ocean layer (5m) over the

2001-2020 period and for dry deposition only. By calculating this

contribution based on our simulations but restricting the primary

production estimation to the uppermost layer over the 1980-2020

period, the obtained result (0.3% for NIO) is still lower than

previous findings.

Regarding the contribution of N deposition to export production,

however, our results differ significantly from previous estimations.

Indeed, most studies assume that the deposition-induced increase in

NPP directly contributes to export [e.g., Sarma et al., 2022, assume

that new production, supported by atmospheric deposition,

contributes to ∼ 17% and 6% of export production to the oxygen

minimum zone in the BoB and AS, respectively]. On the contrary, we

demonstrate that only a limited fraction of the increase in primary

production translates into an increase in export (5.5% for the NIO,

Figure 6B). This is largely explained in our simulations by the fact

that the increase in primary production primarily occurs through an

increase in nanophytoplankton primary production, coupled with a

subsequent decrease in diatom-related primary production. As small

phytoplankton export organic matter less efficiently than diatoms,

this shift leads to more nutrient recycling within surface waters and

more primary production based on regenerated nutrients.

In addition, our simulated fertilization effect of N deposition

results in a shift from primary to secondary production, stimulating
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zooplankton growth and consequently reducing the surface

chlorophyll signal. This observed effect on secondary production

has not been previously demonstrated, and it contrasts with the rare

increases in surface chlorophyll-a associated with atmospheric

aerosol deposition like dust observed in the NIO by [Guieu et al.

(2019); Patra et al. (2007a); Banerjee and Prasanna Kumar (2014);

Lachkar et al. (2021)].

Our estimations indicate that the total atmospheric N

deposition of 167 Tg N (average: 1.65 Tg N.yr–1) has contributed

to supporting 100 Tg N and 570 Tg C of primary production within

the top 100 meters in the NIO. This contribution represents

approximately 0.6% of the total primary production over the

period and averaged over the region. Therefore, while

atmospheric N deposition plays a role in compensating for

climate-induced declines in primary production over the past

decades, its overall impact appears to be limited. This finding is

consistent with the results reported by Singh et al. (2012), who

estimated that the contribution of atmospheric deposition to new

production in the northern Indian Ocean could at best be

around ~3%.
4.2 Limits/Caveats

Nitrogen atmospheric deposition fields used in our study are

derived from an Earth System Model (ESM) simulation, which

introduces a notable limitation regarding the consistency of the

wind regime. Specifically, there is a lack of synchronization between

the simulated wind patterns of the ESM and the reanalysis winds

employed to force the physical component of our coupled system.

This discrepancy arises from the difficulty in accurately capturing

regional atmospheric dynamics at a finer scale.

We note that the rate of increase in anthropogenic aerosol

optical depth has not been uniform over the past two decades. In the

northern Bay of Bengal, for example, the increase has slowed in the

past decade compared to earlier periods (Yadav et al., 2021).

The accuracy of Nr emissions data for the Indian subcontinent

remains uncertain, posing challenges for their utilization in models.

For instance, the seasonality of ammonia (NH3) emissions in this

study is inconsistent with satellite observations, which could

have implications for the transport of Nr to the Indian Ocean

(Beale et al., 2022).

In addition, our study does not incorporate organic nitrogen in

the deposition forcing. The omission of the representation of

organic nitrogen sources and soluble organic nitrogen

contributions may lead to an underestimation of the total

atmospheric reactive nitrogen deposited to the northern Indian

Ocean. Addressing this limitation requires further research to

improve the representation of organic nitrogen sources in

atmospheric deposition models. Moreover, the bioavailability of

nitrogen resulting from atmospheric deposition remains a complex

and challenging aspect to quantify accurately (Altieri et al., 2021;

Hamilton et al., 2023, 2020; Kanakidou et al., 2016). Our study

acknowledges the importance of considering the various forms of

deposited nitrogen and their potential utilization by marine

organisms, but uncertainties in bioavailability rates persist. The
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dominance of smaller phytoplankton in response to nitrogen

deposition in our results should be therefore interpreted with

caution as the proportions of ammonium and soluble organic

nitrogen in the total nitrogen deposition are not included in our

analysis. This can drive community shifts by influencing the N/P

ratio of the water-column and calls for further studies to

comprehensively understand these dynamics (Jiang et al., 2021;

Yuan et al., 2023).

In our simulations, the tendency of atmospheric iron deposition

is held constant, whereas previous studies have highlighted the

significant increase in iron emissions from industrial and natural

sources due to anthropogenic combustion and land use changes

over the Industrial Era, particularly in the global and Arabian Sea

(AS) biogeochemistry (Guieu et al., 2019; Patra et al., 2007b; Sarma

et al., 2022; Hamilton et al., 2023, 2020). By not accounting for this

effect, our results may not fully capture the contribution of the

increase in biomass of large phytoplankton, particularly diatoms,

which have a higher Fe:C ratio and are known to export more

organic matter than small phytoplankton. We would anticipate a

stronger oceanic biological response over the study period if we

were to consider this factor. Additionally, the evolution of iron

deposition over the contemporary period could have implications

for Fe-limited diazotrophs’ contribution to export, denitrification,

and the increase in nitrogen fixation, as modeled in the oligotrophic

Arabian Sea by Hamilton et al. (2020). Incorporating these dynamic

changes in iron deposition into future simulations could provide a

more comprehensive understanding of its role in shaping

biogeochemical processes and ecosystem dynamics in the

northern Indian Ocean.

To accurately quantify the northern Indian Ocean response to

atmospheric N deposition, it is imperative to gain a deeper

understanding of how other external sources of nitrogen, such as

nitrogen fixation and riverine nitrogen input, contribute to the

ocean’s nitrogen budget. For instance, N-budget for the northern

Indian Ocean from [Srinivas and Sarin (2013); Sarma et al. (2022)]

suggests that riverine supply is of comparable magnitude with

atmospheric deposition supply with significant disparities between

AS and BoB basins. Keeping the average external input of nitrogen

from rivers constant to 2000 levels in our simulations captures an

average input over the period, but lacks the increase in riverine

nutrient inputs over the 1980-2020 period in the Bay of Bengal

(Pedde et al., 2017), and might conceals potential impacts, such as

eutrophication, which are not explicitly addressed in this study

(Mayorga et al., 2010; Pedde et al., 2017; Suntharalingam et al.,

2019; Sridevi and Sarma, 2022).

Additionally, our study exclusively examined nutrient

deposition and does not address the effects of acidification

resulting from atmospheric deposition. As noted in the studies of

Sarma et al. (2015) and Kumari et al. (2021, 2022b), this indirect

acidification can also enhance primary production. We recommend

that future studies incorporate both nutrient deposition and

acidification effects to provide a more comprehensive

understanding of the impacts of atmospheric deposition on NPP.

Future trends in atmospheric N deposition and warming in the

region remain uncertain with studies projecting an increasing

atmospheric nitrogen deposition (Jickells et al., 2017) or modeling
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a non-uniform warming of the northern Indian Ocean (Sharma

et al., 2023). Assessing the future combined effects of nutrient

deposition and climate change will require dedicated ocean-

atmosphere coupled modeling studies that integrate both factors.
4.3 Potential implications for Oxygen
Minimum Zones

The northern Indian Ocean hosts one of the most intense

Oxygen Minimum Zones (OMZ) globally, characterized by

oxygen concentrations in the AS and BoB reaching hypoxic levels

(O2 <60 µmol.kg–1), thereby impacting marine habitats.

Atmospheric deposition over the OMZ surface supplies external

nitrogen, enhancing biological production and facilitating the

export of organic matter from surface layers to intermediate

waters. This influx of nitrogen is likely to stimulate biological

respiration, consuming oxygen and subsequently reducing its

concentration in subsurface and intermediate waters. Given that

oxygen levels in the OMZ are linked to the balance between

biological production export and oxygen supply from

intermediate water ventilation, the total ‘N deposition change’ in

recent decades may have contributed to the intensification and

extension of the OMZ (Sarma et al., 2022). While changes in export

production may influence oxygen levels within the OMZ, our model

results suggest that the magnitude of this effect is modest, with an

estimated change in export production of approximately +5.5%

leading to low changes in subsurface oxygen concentrations in

regions of intense N deposition (< -1% in BoB and about -1% in AS,

not shown). These findings contrast with those of Sarma et al.

(2022), who estimated a significant contribution of atmospheric

sources to export production, particularly in the BoB (17%)

compared to the AS (6%), potentially intensifying OMZ formation.
5 Conclusion

This study aims to investigate the potential compensatory role

of atmospheric N deposition in mitigating the declining climate-

driven trend in marine productivity. To this end, we used a regional

ocean biogeochemical model of the northern Indian Ocean to

simulate the effect of N deposition and of climate variability on

productivity over the contemporary period. The N deposition

change increased primary production over the 1980-2020 period

(+0.6% for the NIO, +10 mg C.m–2.d–1.yr–1 locally) and confirms its

fertilizing effect at the basin-scale, consistent with previous

estimates. Our results indicate that the total increase in primary

production due to N deposition, corresponding to an efficient use of

additional nitrogen by phytoplankton (60%), did not induce a

significant increase in export efficiency. However, this N

deposition effect can locally offset the climate-induced downward

trend in primary productivity in the central Arabian Sea and the

western Bay of Bengal. One notable limitation of our study is the

exclusion of external sources like organic nitrogen and their

potential increase such as those from riverine inputs, potentially

leading to an underestimation of total reactive nitrogen budget. In
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addition to our findings, uncertain projections of NPP evolution in

the Indian Ocean from CMIP5 to CMIP6 models reveal a sharp

increase in inter-model uncertainties, with a doubling ranging from

about -2% to -14% (Tagliabue et al., 2021). Furthermore, many of

these projections do not take into account changes in external

nitrogen sources, including atmospheric deposition (Séférian et al.,

2020), suggesting a need for enhanced understanding and improved

modeling approaches. Integrating these insights is crucial for

refining our comprehension of the intricate biogeochemical

processes governing the northern Indian Ocean, particularly with

respect to the role of atmospheric nitrogen deposition.
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