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Anthropogenic iron deposition alters the ecosystem and
carbon balance of the Indian Ocean over a centennial
timescale
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Key Points:

e Ecosystem dynamics controls the centennial impacts of anthropogenic nutrient de-
position on the Indian Ocean carbon cycling.

+ Diatom in the southeastern tropics and poleward of 50°S is stimulated by the an-
thropogenic iron, increasing the carbon uptake.

 Coccolithophores increases in the south Arabian Sea, weakening the carbon up-

take there.
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Abstract

Phytoplankton growth in the Indian Ocean is generally limited by macronutrients (ni-
trogen: N and phosphorus: P) in the north and by micronutrient (iron: Fe) in the south.
Increasing atmospheric deposition of N and dissolved Fe (dFe) into the ocean due to hu-
man activities can thus lead to significant responses from both the northern and south-
ern Indian Ocean ecosystems. Previous modeling studies investigated the impacts of an-
thropogenic nutrient deposition on the ocean, but their results are uncertain due to in-
complete representations of the Fe cycling. This study uses a state-of-the-art ocean ecosys-
tem and Fe cycling model to evaluate the transient responses of ocean productivity and
carbon uptake in the Indian Ocean, focusing on the centennial time scale. The model
includes three major dFe sources and represents an internal Fe cycling modulated by scav-
enging, desorption, and complexation with multiple, spatially varying ligand classes. Sen-
sitivity simulations show that after a century of anthropogenic deposition, increased dFe
input stimulates diatom productivity in the southern Indian Ocean poleward of 50°S and
the southeastern tropics. However, diatom production weakens in the south of the Ara-
bian Sea due to the P limitation, and diatom is outcompeted there by coccolithophores
and picoplankton, which have a lower P demand. These changes in diatom and coccol-
ithophores productions alter the balance between the organic and carbonate pumps in
the Indian Ocean, increasing the carbon uptake in the south of 50°S and the southeast-
ern tropics while decreasing it in the Arabian Sea. Our results reveal the important role
of ecosystem dynamics in controlling the sensitivity of carbon fluxes in the Indian Ocean

under the impact of anthropogenic nutrient deposition over a centennial timescale.

Plain Language Summary

Human activities have been intensifying the atmospheric nutrient input into the
Indian Ocean where the marine ecosystem is diverse and biogeochemical features are com-
plex. Thus, the response of the marine ecosystem in this region to the anthropogenic nu-
trient deposition can be significant. Results from previous studies on this topic are un-
certain due to our limited understanding of the ocean micronutrient, iron. In this pa-
per, we address this issue through a suite of computer simulations with an improved iron
cycling model. We found that after a century of anthropogenic deposition, the ocean car-
bon uptake is enhanced in the southeastern tropics of the Indian Ocean but decreases

in the Arabian Sea because the ecosystem shifts towards organisms that produce calcite.
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Taken together, these changes lead to a slight increase in the total carbon dioxide up-

take in the Indian Ocean.

1 Introduction

The Indian Ocean accounts for around one-fifth of the ocean net primary produc-
tion (Behrenfeld & Falkowski, 1997a) and contains two of the largest oxygen (Oz) min-
imum zones (OMZs) of the world oceans in the northern part (the Arabian Sea and the
Bay of Bengal) (Stramma et al., 2010). In these two regions, phytoplankton growth is
generally limited by macronutrients because of the relatively shallow mixed layer and
the Ekman downwelling that transports nutrients away from the euphotic layer. Further-
more, the low Oy water in the OMZs promote nitrogen (N) loss through denitrification
(Moore et al., 2013; Wang et al., 2019). In the northern Indian Ocean, the concentra-
tion of dissolved iron (dFe) is relatively high (~ 0.6 nM in the surface and ~ 1.5 nM in
the subsurface 200-1000m water) due to relatively high dFe inputs from atmospheric de-
position and reduced sediments over the continental shelves (Nishioka et al., 2013; Chinni
et al., 2019). However, Fe can still be a limiting factor for the nitrogen-fixer diazotrophs,
which have a higher demand for Fe than other phytoplankton (Moore et al., 2013; Mof-
fett et al., 2015). In contrast, the southern part of the Indian Ocean shows a very low
dFe concentration (~ 0.2 nM), indicating that the biological productivity in this region
can be Fe-limited (Nishioka et al., 2013; Chinni et al., 2019). These contrasting biogeo-
chemical regimes between different parts of the Indian Ocean imply a diverse and com-
plex response of the marine ecosystem to perturbations. Atmospheric deposition of N
and dFe into the Indian Ocean has been increasing due to human activities, which in-
cluding burning of fossil fuels, agriculture, and land use changes (Mahowald et al., 2009;
Duce et al., 2008; Baker et al., 2017). Human activities also emit anthropogenic aerosols,
which modify mobilization processes and atmospheric processing. Atmospheric dust de-
position, which is generally stronger in the northern Indian Ocean, provides a direct in-
put of bioavailable N, potentially relieving the macronutrient limitation. Increased at-
mospheric deposition can also provide dFe to support the growth of diazotrophs, and the
deposited dFe can be transported to the southern part of the Indian Ocean (Boyd & Tagli-
abue, 2015). In general, a significant response of the Indian Ocean ecosystem to anthro-

pogenic deposition from the atmosphere is expected, including a higher organic carbon
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export flux, stronger Oy demand, thus an increase of the ocean carbon uptake and an

expansion of OMZs (Moffett et al., 2015).

Recent modeling studies have examined the impact of anthropogenic nutrient de-
position into the ocean by driving ocean biogeochemistry models with atmospheric de-
position fields derived from atmospheric chemical transport models (Krishnamurthy et
al., 2009, 2007; Ito et al., 2016; Guieu et al., 2019). These studies concluded that increas-

ing dFe and N inputs stimulate marine nitrogen fixation in the subtropical North and

South Pacific, enhance the primary production and export in the high-nutrient low-chlorophyll

(HNLC) regions (Krishnamurthy et al., 2009), and accelerate the Oz consumption in the
tropical Pacific Ocean (Ito et al., 2016). Concurrently, the data coverage of dFe and other
trace metal species expanded significantly thanks to the GEOTRACES program (Mawji
et al., 2015; Schlitzer et al., 2018). The new observations revealed shortcomings of the
earlier generations of the Fe cycling models, which did not include all of the dFe sources
such as hydrothermal vents. Also, earlier models typically assumed a single ligand class
with a uniform distribution. Thus, results from these earlier studies can contain signif-
icant uncertainty (Tagliabue et al., 2016). Significant model biases have been identified
relative to the observed pattern of dFe revealed by the recent GEOTRACES observa-
tions (Mawji et al., 2015; Schlitzer et al., 2018). Models with constant ligand concen-
trations may underestimate the feedback between biological activity, ligand production,
and dFe concentration to environmental changes (Volker & Tagliabue, 2015). Further-
more, impacts of anthropogenic atmospheric deposition on the Indian Ocean, where the
nutrient cycling is complex and the phytoplankton community is diverse, has not been
examined thoroughly and systematically. This paper aims to investigate the impact of
increasing anthropogenic atmospheric N and dFe deposition on nutrient distribution, phy-
toplankton productivity, and the ocean carbon uptake in the Indian Ocean. We focus
on the response of the ocean ecosystem over a timescale of 100 years, which is impor-
tant to human activities and policy decisions. To this end, we use an ocean ecosystem
model, which represents major phytoplankton types (Dutkiewicz et al., 2014), coupled
with a recently improved Fe cycling scheme (Pham & Ito, 2018, 2019). The Fe scheme
includes many crucial processes controlling the ocean Fe cycling and demonstrated im-
provements in the representation of dFe distribution as observed by the GEOTRACES
cruises. The ecosystem model has been used in several previous studies on examining

the ocean biogeochemistry response to human perturbations (Dutkiewicz et al., 2014,
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2013) and the interplay between different bigeochemical processes shaping the phytoplank-
ton community structure (Dutkiewicz et al., 2012). Atmospheric deposition of dFe and

N are derived from the three-dimensional atmospheric chemical transport model GEOS-
Chem coupled with a comprehensive dust-Fe dissolution scheme (Ito et al., 2016; John-
son & Meskhidze, 2013). The rest of the paper is organized as follows. In section 2, we
describe the model configuration and the experimental design. In section 3, we present
results of sensitivity experiments. In section 4, we summarize the results and discuss their

implications.

2 Model configuration and experimental design

The ocean model used in this study was based on the Massachusetts Institute of
Technology general circulation model (Marshall, Hill, et al., 1997; Marshall, Adcroft, et
al., 1997, MITgcm) with a biogeochemistry and ecosystem component (Dutkiewicz et
al., 2014, 2012). The model domain was configured for a 2.8°x 2.8°horizontal grid spac-
ing, and 23 vertical z-levels with grid spacing ranging from 10 m in the surface to 500
m at 5000 m. Ocean boundary layer physics was parameterized using the K-Profile Pa-
rameterization scheme (Large et al., 1994), and the effects of mesoscale eddies was pa-
rameterized using the isopycnal tracer and thickness diffusion scheme (Gent & Mcwilliams,
1990). The physical ocean circulation was forced by climatological wind and buoyancy
forcing derived from the National Center for Environmental Prediction Reanalysis prod-

uct (Kalnay et al., 1996).

The biogeochemical component of the model was based on Dutkiewicz et al. (2014),
including the cycling of carbon (C), P, N, silica (Si), Fe and Oy through inorganic, liv-
ing, dissolved, and particulate organic phases. Two grazers and six phytoplankton types
(diatom, coccolithophores, large eukaryotes, prochlorococcus, other pico-phytoplankton,
and diazotrophs) were represented in the model. The phytoplankton growth rate was
a function of the Chlorophyll: C ratio, temperature, light, and nutrient availability, fol-
lowing Hickman et al. (2010); Geider et al. (1998).

The refined Fe scheme, which were developed and documented in our recent pub-
lications (Pham & Ito, 2018, 2019), encompassed various important processes in the ocean
Fe cycling. These processes included external dFe inputs from dust deposition, continen-

tal shelves, and hydrothermal vents. The model internal cycling of Fe considered scav-
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enging of dFe onto and release of dFe from organic and lithogenic particles and dFe re-
tention by spatially varying organic ligands. Scavenging of free dFe (Fe’), which is not
bound to ligands, by organic particles was parameterized as a function of the concen-
trations of particulate organic matter and of Fe’. dFe scavenged by this process can be
released back to the water column through the remineralization of sinking organic par-
ticles (Boyd et al., 2010). Different from the model used in previous publications (Pham
& Tto, 2018, 2019), particulate organic matter is a prognostic variable in this model, and
therefore its vertical attenuation with depth was explicitly calculated. As in Pham and
Ito (2018, 2019), the inorganic scavenging process was parameterized as a first order loss
process with a rate constant, kjnorg. This rate constant can significantly increase under
the dust plume where elevated dust deposition increases the lithogenic particle concen-
tration (Ye & Volker, 2017). This mechanism was represented in the model by scaling
kinorg With the atmospheric dFe flux. Scavenged dFe through this mechanism can also
return to the water column by desorption from sinking particles. This return dFe flux
was calculated from the vertical profile of sinking inorganic scavenged-Fe flux, which was
represented by a power function with a coefficient of -0.4 (Pham & Ito, 2019). Atmo-
spheric deposition fields of N and dFe were taken from the output of atmospheric chem-
ical transport model GEOS-Chem (Johnson & Meskhidze, 2013). Anthropogenic effects
on N and dFe deposition were calculated using the emission inventories for the year 2009,
and the pre-industrial fluxes were calculated by turning off all anthropogenic emission
sources. Details on this model and on how the industrial fluxes were calculated based
on anthropogenic emission were described in Ito et al. (2016); Johnson and Meskhidze

(2013).

The model was first spun up under the pre-industrial deposition of N and dFe for
1,000 years (Preln run). Initialized from the last time step of the Preln run, an addi-
tional integration was performed using the anthropogenic deposition of N and dFe. The
model was further integrated for 1,000 years to achieve new quasi-steady states, but we
only analyzed the response of the ecosystem and carbon cycle to the anthropogenic de-
position during the first 100 years. This experiment was intended to examine the cen-
tennial impacts of anthropogenic N and dFe deposition on the Indian Ocean. In reality,
there could be transient perturbations to the marine ecosystem and biogeochemistry on
all timescales, including the effects of warming and increased stratification, circulation

changes, riverine nutrient input, and acidification. Account for all these changes are be-
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yond the scope of this paper. As a first step, we focused on a single perturbation in the
atmospheric nutrient deposition to better understand the response to this particular an-

thropogenic forcing. In summary, model experiments were set up as follows:

e 7 Preln” run forced by the pre-industrial atmospheric dFe and N deposition fields

e 7Ind” run forced by the contemporary atmospheric dFe and N deposition fields

Results from the Ind run were analyzed by comparing the differences in nutrient fields,
biological productivity, phytoplankton community structure, and carbon uptake, all in

relation to the Preln run.

3 Results
3.1 Model validation

We first evaluated the model performance and its ability to reproduce major bio-
geochemical features of the Indian Ocean by comparing the observed, modern distribu-
tions of nutrient tracers with the equilibrium state of the Ind model run, which is forced

by contemporary forcings.

Biological productivity is influenced by the nutrient distributions, thus it is essen-
tial that the model captures the nutrient fields well. First, we examined the model ni-
trate ( NOjy ) distribution using the World Ocean Atlas (Garcia et al., 2014) as the ob-
servational benchmark (Figure la). The model is certainly not perfect as it underesti-
mated the NO3— concentrations at high latitudes. However, the general pattern of the
near-surface NOs— distribution was captured reasonably well (Figure 1b). When com-
pared to the World Ocean Atlas, the model reproduced the boundary between the low

and high concentration approximately at 40°S.

Next, we examined the meridional transect of dFe along the GEOTRACES line G104
(Schlitzer et al., 2018), focusing on the upper ocean (0-1000m). dFe in the upper ocean
is more important for sustaining biological productivity, which mainly occurs in the eu-
photic zone. The model captured the pattern of dFe remarkably well especially in the
top 1,000m, in consistent with results shown by Pham and Ito (2018) (Figure 1de). Specif-
ically, it captured the strong meridional gradient of dFe centered at around 10°S where
the observed dFe concentration is high (0.8 - 1.3 nM) in the subsurface water of the trop-

ical thermocline but it is very low in the southern part (~ 0.2 nM). The model also re-
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Figure 1. Upper panel (a): World Ocean Atlas Annual Mean NOj3 averaged over the top 200
m, (b): Mean modeled NOj3 averaged over the top 200 m ocean - results from the Ind run, Lower
panel (c¢) Atmospheric deposition anomaly (Ind run - Preln run) of fixed N into the surface of
the Indian Ocean used in this study, (d): Observed dFe concentration from the GEOTRACES
program along the Indian Ocean GI04 transect, (e) dFe concentration - results from the Ind run -
along the Indian Ocean GI04 transect, and (f) atmospheric deposition anomaly (Ind run - Preln

run) of dFe into the surface of the Indian Ocean
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produced the subsurface peak of dFe in the northern Arabian Sea (~ 10°N) and the strong
vertical gradient in the dFe concentration observed there between the surface (0-200m)
and subsurface waters (> 200m). The only major bias in this model is the underestima-
tion of hydrothermal signal around the Central Indian Ridge segment. This is likely be-
cause our model did not represent the unique interaction between particulate and dis-

solved phases of Fe released from the vents, which supports the lateral transport of dFe

away from the vent sources (Fitzsimmons et al., 2017). Moreover, measurements by Fitzsimmons

et al. (2017) show that a large portion of dFe released from hydrothermal vents can be

nanoparticles of pyrite or Fe(III) oxides, which are not represented in the model.

When compared with the zonal mean of the satellite-derived annual mean net pri-
mary production (NPP) averaged from 2003 to 2016 (Behrenfeld & Falkowski, 1997b)
in the Indian Ocean (Figure S1), our model showed an underestimation for NPP in the
subtropics and in the southern Indian Ocean (south of ~ 20°S). This is a common de-
ficiency of coarse-resolution ocean ecosystem models (Dutkiewicz et al., 2014, 2013, 2012),
which do not adequately represent the coastal current systems and open ocean eddies.
Without these small-scale processes, the model is missing important nutrient sources and
tend to underestimate the biological productivity near the coasts and in the Southern
Ocean. However, our model captured the patterns of the observed NPP in the tropics
(north of 10°S) reasonably well. Since the NPP is an important indicator of the ocean
organic carbon pumps, it is encouraging that our model started representing some fea-
tures despite its low spatial resolution. The biases shown in Figure S1 indicate that our
model might underestimate the biological carbon pumps in the subtropical and mid-latitude

Indian Ocean.

3.2 Sensitivity experiments

The increase in the atmospheric deposition of fixed N and dFe into the Indian Ocean
is shown in Figure lcf). A large increase in the dFe deposition occurred in the coastal
regions of the northern Indian Ocean and north of Australia, while it moderately increased
over the equatorial and southern regions. Integrating over the Indian Ocean (30°E-110°E,
80°S-30°N), the dFe flux increased from 38.78 mol/s to 87.78 mol/s, more than doubling
the pre-industrial deposition. N deposition exhibited a similar spatial pattern to dFe.
Again integrating over the Indian Ocean, the fixed N flux increased from 6.3 - 10® mol/s

to 1.3 - 10* mol/s, approximately doubling from its pre-industrial value.
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Figure 2. Model(/nd run) concentration anomaly relative to the Preln run averaged from
0-300m in the Indian Ocean for (a) dFe, (b) nitrate (NOj3 ), (c) phosphate (PO3™ and (d) silicate

(SiO2) after 100 years of being forced under the anthropogenic N and Fe depositions
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237 Comparing Preln and Ind runs, the response of the dFe concentration for the up-

238 per 300m ocean after 100 years of anthropogenic deposition was an increase of approx-

239 imately 0.3nM in the northern Indian Ocean, whereas the response was much weaker pole-
240 ward of 20°S (Figure 2a). This pattern was generally similar to the atmospheric depo-

2n sition of dFe where the northern Indian Ocean received more anthropogenic dFe depo-

202 sition relative to the Southern Ocean by several orders of magnitude. In contrast, the

213 response of the near-surface NO; (Figure 2b) was very different from the atmospheric

204 deposition pattern. NO; concentration generally decreased in the Indian Ocean even though
25 the ocean received more N from atmospheric deposition. In particular, the N decrease

246 was significant in the subtropical region between 20°and 40°S. There was also a region

2a7 of significant N decrease in the Bay of Bengal. This changes in the upper 300m NOs—

28 concentration implies that the biological N uptake was enhanced in many parts of the

249 Indian Ocean. Other macro nutrients (P and Si) also decreased with the same pattern

250 (Figure 2cd). The P decrease was widespread and more enhanced in the Bay of Bengal

251 and in the subtropics between 20°- 40°S. The decline of macronutrients between 20°- 40°S
252 suggests that the increased Fe and N atmospheric deposition altered the productivity

253 there even though the anthropogenic deposition was relatively weak in these region and

254 dFe concentration was close to be depleted.

255 In Figure 3, we showed changes in two major phytoplankton groups: diatom and

256 coccolithophores although the model includes six phytoplankton types. This is because
257 the majority of changes in the total primary production and ocean carbon uptake can

258 be explained by changes in the diatom and coccolithophores. Supplementary Figure S2

250 shows changes in the other four phytoplankton species for a complete description. In brief,
260 the increased dFe deposition stimulated the growth of nitrogen-fixer diazotrophs in the
261 Bay of Bengal (Figure S2). In contrast, diazotrophs concentration decreased in the north-
262 ern Arabian Sea together with coccolithophores, likely due to more intense P limitation

263 in this region, which ultimately limited phytoplankton growth.

264 Diatom concentration increased significantly in the south of 40°S, in the Bay of Ben-
265 gal, and in the southeastern tropics, which are close to the regions of decrease in N, P,

266 and Si (Figure 2). Diatom is the only phytoplankton type that utilizes Si, therefore the

267 decrease of Si confirms the role played by diatom in these regions. In contrast, diatom
268 concentrations weakened in the southern part of the Arabian Sea and slightly decreased
269 along 40°S close to regions having an increase in the coccolithophores (Figure 3b) and

—11—
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Figure 3. The vertically integrated anomaly between the Ind and the Preln runs for (a) di-
atom concentration, (b) coccolithophores concentration, (¢) primary production, and (d) air-sea
CO3 flux after 100 years of being forced under the anthropogenic N and Fe depositions. All phy-
toplankton biomass is measured in the units of P in the model. The air-sea CO2 flux is positive
into the ocean. The three black boxes shown in (d) are three regions where we will further ana-
lyze the evolution of changes in the phytoplankton community and air-sea C'O2 flux during the

first 100 years after being forced by anthropogenic deposition.
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picoplankton (small phytoplankton) concentrations (Figure S2b). These changes indi-
cate that diatom was out-competed in these regions by coccolithophores and picoplank-

ton. One explanation for these changes is that diatom has a faster maximum growth rate

but requires a higher P concentration relative to coccolithophores and picoplankton (Riegman

et al., 2000). Thus, the decrease in P supply along 40°S and in the southern part of the
Arabian Sea caused diatom to be less competitive and helped coccolithophores become
more dominant. In addition, diatom poleward of 40°S was relieved from Fe limitation
and consumed more Si, therefore decreasing the Si transport equatorward and making

diatom become Si-limited in the low latitudes.

The competition between diatoms and coccolithophores in the southern part of the
Arabian Sea and along 40°S caused a shift in the biological carbon pump in these regions
from organic to calcium carbonate pumps. An increase in coccolithophores and decrease
in diatom decreased the surface alkalinity relative to dissolved inorganic carbon (DIC).
Production of calcium carbonate shells consumes calcium ion in the surface water, lead-
ing to a loss of alkalinity. In turn, the decrease in surface alkalinity shifted the carbon-
ate chemistry of this region towards a more acidic condition with a lower pH. The abil-
ity of seawater to retain inorganic carbon decreases with a lower pH, leading to an in-
crease in the partial pressure of CO2 (pCOsz). Consequently, it decreased the rate of ocean
CO5 uptake along 40°S and in the Arabian Sea (Figure 3d). This is somewhat counter-
intuitive because the primary productivity indeed increased along 40°S and in the South-
ern Arabian sea under the modern atmospheric deposition. However, the intensified car-
bonate pump led to a decrease in the regional ocean carbon uptake. In contrast, the in-
crease in diatom productivity in the south of 40°S, the Bay of Bengal, and the south-
eastern tropical Indian Ocean contributed to a stronger organic carbon pump, thus in-

creasing the ocean C'O; uptake (Figure 3d).

We further analyzed the evolution of changes in the phytoplankton community and
air-sea C'O4 flux during the first 100 years after being forced by anthropogenic deposi-
tion (Figure 4) in three regions shown in Figure 3d. These three regions include the
southeastern tropics (SE tropics) and the regions along 40°S and 50°S in the south west-
ern Indian Ocean, close to the Agulhas current (Agulhas 40°S and Agulhas 50°S). In par-
ticular, we examined the evolution of changes during the first 100 years for diatom (red
lines) and coccolithophores (blue lines) concentrations, NPP (green lines), and air-sea

CO2 flux (black lines). These three regions showed a contrasting response in the ocean

—13—
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Figure 4. (a) The changes in the concentration of diatom (red lines), coccolithophores (blue
lines), NPP (green lines), and the air-sea CO; flux (black lines) summed over the regions defined
in Figure 3. (a) the southeastern (SE) tropics, (b) the Agulhas 40°S, (c) the Agulhas 50°S. All
the changes in phytoplankton biomass and carbon uptake were normalized by dividing the change

in each quantity by its standard deviation

CO5 uptake flux even though their NPP all increased significantly after 100 years of be-

ing forced under the modern atmospheric deposition.

All the anomalies shown in Figure 4 were normalized (divided by the standard de-
viation) to facilitate the comparison between different quantities. In the SE tropics, di-
atom and coccolithophores concentrations both rapidly increased during the first 10 years
under the anthropogenic deposition, which led to an increase in the regional NPP and
ocean C'O, uptake. However, coccolithophores steadily decreased after this initial increase,
whereas diatom kept growing. In this region, the effect of diatom increase dominated,

leading to an increase in the NPP and the ocean C'O- uptake after 100 years.

In contrast, coccolithophores in the Agulhas 40°S steadily increased over the 100-
year time-frame, while diatom significantly enhanced during the first 10 years, then slightly
decreased and stayed relative stable after 20 years. The increase in coccolithophores started
dominating after around 20 years, which caused a decreasing trend of the air-sea CO2
flux despite a continued increase in the NPP. After ~50 years, the air-sea COs flux changed

its sign and this region became a source of carbon to the atmosphere.

The centennial evolution of phytoplankton community in the Agulhas 50°S is dif-
ferent than the other two regions. Both diatom and coccolithophores increased signif-
icantly, thus enhancing the primary production. The impact of enhanced diatom growth

dominated in this region, which led to an increase in the ocean carbon uptake. In sum-
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mary, our analysis here further demonstrated the compensation between the effects of
growing diatom and coccolithophores, which controls the organic and calcium carbon-

ate carbon pumps, ultimately determining the air-sea COy flux.

4 Discussion and Conclusion

Human activities have heavily perturbed atmospheric deposition of dFe and N into
the ocean since the start of the industrial era (Mahowald et al., 2017, 2009). This has
a crucial consequence to the marine ecosystem especially in regions where phytoplank-
ton growth is limited by the availability of these nutrients, such as the oligotrophic re-
gions limited by N and/or P and the HNLC regions limited by Fe. Earlier modeling stud-
ies estimated a modest response of the ocean primary production and air-sea CO5 ex-
change to the anthropogenic nutrient deposition at the global scale, but also predicted
striking responses of biogeochemical cycles at regional scales (Krishnamurthy et al., 2007,
2009; Ito et al., 2016; Somes et al., 2016). Specifically, Krishnamurthy et al. (2009) sug-
gested that increasing N and dFe inputs stimulate marine nitrogen fixation in the sub-
tropical North and South Pacific where Fe limitation of diazotrophs is relieved but de-

crease it in the Indian Ocean where diazotrophs become more P limited.

This study focused on the centennial response of the Indian Ocean ecosystem and
carbon cycle to increased atmospheric nutrient inputs caused by the anthropogenic ef-
fects on aerosol deposition. We used a state-the-art ocean ecosystem and Fe cycling model,
constrained by the new high-quality data of Fe from the GEOTRACES program (Mawji
et al., 2015; Schlitzer et al., 2018). This new dataset puts a much more stringent con-
straint on the representation of Fe cycling in the ocean biogeochemistry models, thereby
improving our process-level understanding and quantification of key processes (Tagliabue
et al., 2016, 2017). Our ocean model, when forced under the contemporary deposition
(evaluated at year 2009), was able to reproduce many important features of the observed
nutrient distributions and some important patterns of the NPP. Although the model still
showed some biases, it captured major aspects of the subsurface dFe pattern along the
Indian Ocean GI04 transect remarkably well. Model experiments were designed to ex-
amine the centennial impacts of anthropogenic N and dFe deposition, separated from the
other anthropogenic and natural drivers, such that we can clearly understand the mech-
anisms at play at a timescale that is relevant for human activities and policies. Of course,

several different types of perturbations affect marine ecosystems and their biogeochem-
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istry since the industrial revolution, including ocean warming, ocean circulation changes,
riverine nutrient input, and acidification due to the uptake of fossil fuel CO5. Among
these perturbations, the anthropogenic nutrient input from rivers can provide a signif-
icant amount of N and P to the open ocean (Sharples et al., 2017). Thus, if this input
were included in the model, the phytoplankton community in the northern Indian Ocean
could be relieved of P-limitation, and therefore could be significantly enhanced. Never-
theless, a comprehensive analysis of the realistic, transient ecosystem changes is beyond
the scope of this paper. Even in this idealized experiment, the response of ecosystems

and the carbon cycle was complex and exhibited unique spatial patterns.

The atmospheric fluxes of N and dFe into the Indian Ocean both doubled their val-
ues since the industrial revolution due to anthropogenic effects. Due to this significant
increase in the nutrient deposition, the net primary production summed up over the whole
basin increased ~ 21%, (see Table 1). However, the ocean COy uptake only slightly in-
creased by 1% if integrated over the Indian Ocean. This slight increase in the ocean C'Os
uptake despite the significant increase in the NPP can be explained by analyzing changes
in the ocean CO5 uptake pattern and phytoplankton community structure, which did
not respond uniformly under the anthropogenic deposition. In particular, productivity
and carbon uptake both intensified along 50 °S and in the southeastern tropics. These
changes were influenced by the increasing diatom productivity and a stronger organic
carbon pump. In contrast, the northern Arabian Sea exhibited decreased productivity
and a weaker carbon uptake due to the intensification of P limitation. An increase in coc-
colithophores production along 40°S and in the southern Arabian Sea led to a stronger
calcium carbonate pump at the expense of diatom productivity. This caused the ocean
carbon uptake to weaken even though the local primary productivity increased. It should
be noted that our model underestimated the vertically-integrated NPP relative to satellite-
based observations, which could lead to biases in the air-sea COq response. The biases
in NPP is mostly in the mid-latitude and southern part of the Indian Ocean (south of
20°S) where the current model’s coarse resolution could not represent the coastal cur-
rent systems and eddies adequately. Despite this caveat, our results suggest that the re-
gional pattern of responses in the NPP and ocean carbon uptake to anthropogenic forc-
ings can be much more complicated than a simple uniform increase, which is due to com-

petitions within the phytoplankton community.
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Table 1. The total primary production (PP) and air-sea CO; flux (positive values mean the

ocean uptakes CO2) over the Indian Ocean 30°E-110°E, 80°S-30°N

Model run PP (PgC/year) air-sea COz flux (gC/year)
Preln 4.75 0.282
Ind (After 100 yrs) 5.75 0.286
386 The Indian Ocean is an important region of the world ocean, containing a large vol-
387 ume of low Oy water in the north where phytoplankton is limited by macronutrient (Stramma

388 et al., 2010) and a HNLC region in the southern sector where biological productivity is
389 limited by Fe (Twining et al., 2019). This diverse and complex region is vulnerable to
390 an increase in atmospheric inputs of N and dFe due to industrial activities (Mahowald

391 et al., 2009; Duce et al., 2008; Baker et al., 2017). Our results suggested that anthro-

30 pogenic aerosol inputs may moderately increase the basin-scale productivity over a cen-

303 tennial timescale but may cause significant changes in the regional patterns of produc-

304 tivity and the composition of the phytoplankton community. The latter change can al-

305 ter the functioning of the biological carbon pump with non-negligible impacts on the basin-
396 scale patterns of carbon uptake. Previous studies have pointed to an increase in coccol-

307 ithophores biomass under global warming and increasing C'Os concentration with im-

308 portant consequences to the ocean calcification and global carbon cycle (Krumhardt et

399 al., 2016; Krumhardt, Lovenduski, Iglesias-Rodriguez, & Kleypas, 2017; Krumhardt et
400 al., 2019; Krumhardt, Lovenduski, Long, & Lindsay, 2017). We further emphasized the

401 crucial role of this calcifier phytoplankton due to its sensitivity to nutrient inputs. In con-
102 clusion, our results suggested a complicated and strong, regional sensitivity of the ecosys-
403 tem and carbon fluxes in the Indian Ocean under the impact of anthropogenic pollution.
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