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Abstract. The decline in oxygen supply to the ocean associated with global warming is expected to expand oxygen minimum
zones (OMZs). This global trend can be attenuated or amplified by regional processes. In the Arabian Sea, the World’s thickest
OMZ is highly vulnerable to changes in the Indian monsoon wind. Evidence from paleo records and future climate projections
indicate strong variations of the Indian monsoon wind intensity over climatic timescales. Yet, the response of the OMZ to
these wind changes remains poorly understood and its amplitude and timescale unexplored. Here, we investigate the impacts
of perturbations in Indian monsoon wind intensity (from -50% to +50%) on the size and intensity of the Arabian Sea OMZ, and
examine the biogeochemical and ecological implications of these changes. To this end, we conducted a series of eddy-resolving
simulations of the Arabian Sea using the Regional Oceanic Modeling System (ROMS) coupled to a nitrogen based Nutrient-
Phytoplankton-Zooplankton-Detritus (NPZD) ecosystem model that includes a representation of the O2 cycle. We show that
the Arabian Sea productivity increases and its OMZ expands and deepens in response to monsoon wind intensification. These
responses are dominated by the perturbation of the summer monsoon wind, whereas the changes in the winter monsoon wind
play a secondary role. While the productivity responds quickly and nearly linearly to wind increase (i.e., on a timescale of
years), the OMZ response is much slower (i.e., a timescale of decades). Our analysis reveals that the OMZ expansion at depth
is driven by increased oxygen biological consumption, whereas its surface weakening is induced by increased ventilation. The
enhanced ventilation favors episodic intrusions of oxic waters in the lower epipelagic zone (100-200m) of the western and
central Arabian Sea, leading to intermittent expansions of marine habitats and a more frequent alternation of hypoxic and oxic
conditions there. The increased productivity and deepening of the OMZ also lead to a strong intensification of denitrification at
depth, resulting in a substantial amplification of fixed nitrogen depletion in the Arabian Sea. We conclude that changes in the
Indian monsoon can affect, on longer timescales, the large-scale biogeochemical cycles of nitrogen and carbon, with a positive

feedback on climate change in the case of stronger winds.

1 Introduction

The combination of strong organic matter decomposition and poor ventilation explains the presence of large Oxygen Minimum
Zones (OMZs) in the intermediate ocean of the eastern tropical Pacific and Atlantic Oceans as well as in the northern Indian

Ocean. At low oxygen concentrations, hypoxia-sensitive marine species are subject to varying environmental stresses that can
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affect their growth and reproductive success and ultimately cause their death (Vaquer-Sunyer and Duarte, 2008). Near complete
oxygen depletion, suboxic conditions favor anaerobic remineralization of organic matter via denitrification: a process through
which nitrate is used as an alternate oxidant. This not only depletes the oceanic inventory of bioavailable nitrogen that is
essential for phytoplankton growth, but also releases N,O, a major greenhouse gas that also contributes to stratospheric ozone
depletion (Codispoti et al., 2001). Thus, the OMZs not only shape marine ecosystem habitats, but also impact and regulate
climate.

Dissolved Os is predicted to decline in the future in response to upper ocean warming and increased stratification, which
may result in the expansion of OMZs (Bopp et al., 2002; Keeling et al., 2010). These changes will have deleterious impacts
on marine habitats and may lead to disruption of key biogeochemical cycles (Keeling et al., 2010; Gruber, 2011; Doney et al.,
2012). Observational evidence suggests that the oceanic oxygen inventory has already been declining over the recent decades
(Helm et al., 2011; Schmidtko et al., 2017) and that OMZs have expanded in several locations (Stramma et al., 2008, 2012).
Global model projections show consistently declining oxygen inventories that are commensurate with the warming anomaly,
but disagree on the future evolution of OMZs (e.g. Cocco et al., 2013). This may result in part from the misrepresentation of
the dynamics of OMZs in global models (Bopp et al., 2013; Cocco et al., 2013; Cabré et al., 2015; Long et al., 2016) and the
sensitivity of OMZs to regional climate perturbations that are poorly represented in global simulations.

An example of such perturbations is regional wind changes (e.g. Deutsch et al., 2014). Located nearby major coastal up-
welling systems, the OMZs are indeed highly vulnerable to changes in alongshore winds. In most Eastern Boundary Upwelling
Systems as well as in the western Arabian Sea, upwelling-favorable wind intensification has been shown to occur under warm-
ing scenarios (Wang et al., 2015; deCastro et al., 2016). Bakun (1990) has linked this to increased land-sea thermal gradient
under warmer climates, strengthening the land-sea pressure gradient, and hence alongshore winds. Yet, previous observational
and model-based studies show that the amplitude of such upwelling intensification strongly varies from one system to another
(McGregor et al., 2007; Narayan et al., 2010; Garcia-Reyes and Largier, 2010; Gutiérrez et al., 2011; Barton et al., 2013;
Sydeman et al., 2014; Varela et al., 2015).

In the Arabian Sea, the summer monsoon southwesterly winds drive strong upwelling off the coasts of Oman and Somalia,
giving rise to one of most productive coastal upwelling ecosystems in the world (Ryther and Menzel, 1965). This high pro-
ductivity in conjunction with a sluggish circulation sustains the World’s thickest OMZ, responsible for up to 40% of global
pelagic denitrification despite occupying less than 2% of the World Ocean area (Bange et al., 2005). Future climate projections
suggest that Indian summer monsoon may intensify in the future under a warmer climate (e.g. Wang et al., 2013; Sandeep and
Ajayamohan, 2015; Praveen et al., 2016; deCastro et al., 2016). Praveen et al. (2016) found that the future upwelling inten-
sification will affect essentially the coast of Oman. Using an ensemble of global and regional model simulations for the 21st
century, deCastro et al. (2016) show a strengthening of the Somali coastal upwelling that increases with latitude. Furthermore,
these authors show that the intensification of upwelling in the western Arabian Sea is even higher than what is predicted for the
Eastern Boundary Upwelling Systems. This study also finds an intensification of land-sea thermal and pressure gradients that
is consistent with the Bakun (1990) hypothesis. Other studies reveal that summer monsoon wind intensification has already

been observed recently (Goes et al., 2005; Wang et al., 2013). Goes et al. (2005) reported an increase in upwelling favorable
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winds off Somalia over the period between 1997 and 2005 and have shown an associated increase in productivity over the same
period. Wang et al. (2013) found a global intensification of the Northern Hemisphere summer monsoon since the late 1970s
and attributed these trends to the interaction of mega-El Nifio/Southern Oscillation and the Atlantic Multidecadal Oscillation,
in addition to hemispherical asymmetric global warming.

While there is still no consensus on the magnitude and the drivers of the recent and future Indian monsoon wind changes,
evidence from paleoclimate records overwhelmingly suggests a strong link between northern hemisphere temperatures and the
Indian monsoon wind intensity on timescales ranging from decades to thousands of years (e.g. Altabet et al., 2002; Schulz et al.,
1998; Gupta et al., 2003; Ivanochko et al., 2005). Generally, enhanced Indian summer monsoon intensity was recorded during
northern high latitudes warm periods (e.g., Dansgaard-Oeschger events) while reduced summer monsoon intensity was found
to correspond to cold periods (e.g., Heinrich events) (Schulz et al., 1998). Ivanochko et al. (2005) has established a relationship
between millennial-scale oscillations in summer monsoon intensity and the position of the Intertropical Convergence Zone
(ITCZ), where the ITCZ moves northward during warm periods (interstadials) and southward during cold periods (stadials).
This relationship between the northern high-latitude climate and the Indian monsoon seen from a multitude of proxies during
the last glacial period was also found valid during the Holocene (Gupta et al., 2003). This includes the most recent climate
changes from the Medieval Warm Period and the Little Ice Age. The analysis of paleo proxy records also suggests a strong
coupling between northern climate excursions and changes in productivity and denitrification in the Arabian Sea at different
timescales (e.g. Altabet et al., 1995, 1999, 2002; Gupta et al., 2003; Singh et al., 2011). For instance, Altabet et al. (1999) found
that denitrification was greatest during interglacial periods and was probably not active during most glacial phases. Altabet et al.
(2002) found a strong correspondence between changes in the productivity and denitrification of the Arabian Sea and century-
scale Dansgaard-Oeschger events during the last glacial period. These studies show that denitrification increases during warm
periods concurrent with the summer monsoon and productivity intensification and decreases during cold phases. Other studies
have highlighted that the fluctuations in denitrification and the intensity of the OMZ can also be driven by changes in winter
monsoon wind intensity (Reichart et al., 2004; Klocker and Henrich, 2006).

Despite these previous studies, the amplitude of the OMZ sensitivity to potential wind changes remains largely uncertain.
Indeed, whether in the context of past climate fluctuations or under future climate change, the response of OMZ to upwelling-
favorable wind intensification is difficult to predict as such a perturbation may increase both oxygen supply through enhanced
ventilation and oxygen demand via increased biological productivity, thus leading to an uncertain net effect. In the Arabian
Sea, the picture is made even more complicated by the seasonal reversal of winds and the potential importance of changes in
winter monsoon mixing. Additionally, the large denitrification fluxes in the Arabian Sea combined with the potential feedback
of denitrification on biological productivity, and hence on oxygen consumption, further add to the intricacy of the problem.
Finally, the question of the OMZ response timescales is essential but remains unanswered. Here we address these questions
and explore the mechanisms by which the Arabian Sea ecosystem responds to monsoon wind changes using a regional eddy-
resolving model. We examine how idealized changes in summer and winter monsoon wind intensity affect the productivity
and the volumes of hypoxic and suboxic water in the Arabian Sea and explore the biogeochemical and ecological implications

of these changes. We show that the productivity increases on a timescale of years while the OMZ expands and deepens on
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a timescale of decades. This response is essentially driven by summer monsoon wind intensification and results from an
enhanced biological consumption of oxygen opposed by increased ventilation near the surface. The enhanced upper ocean
ventilation leads to intermittent expansions of habitats in the epipelagic zone wile the OMZ intensification at depth increases
denitrification, thus amplifying the depletion of bioavailable nitrogen in the Arabian Sea. We conclude that changes in the
Indian monsoon can affect the large-scale nitrogen marine budget on decadal to centennial timescales, with a positive feedback

on warming in the case of stronger winds.

2 Methods
2.1 Models

We use the Regional Oceanic Modeling System (ROMS)-Agrif (documented at http://www.romsagrif.org/) configured for
the Arabian Sea region. ROMS solves the primitive equations and has free surface and generalized terrain-following vertical
coordinates (Shchepetkin and McWilliams, 2005). Advection is represented using a rotated-split third-order upstream biased
operator designed to limit dispersive errors and preserve low diffusion (Marchesiello et al., 2009). The subgrid vertical mixing is
represented using the nonlocal K-Profile Parameterization (KPP) scheme (Large et al., 1994). Numerical diffusivity allows the
dissipation of small-scale noise as no additional background lateral diffusivity is used. The ecological-biogeochemical model
is a nitrogen-based nutrient-phytoplankton-zooplankton-detritus (NPZD) model (Gruber et al., 2006; Lachkar et al., 2016). It
is based on a system of ordinary differential equations describing the time evolution of the following tracers: nitrate (N O3),
ammonium (N H ), one class of phytoplankton, one class of zooplankton, two classes of detritus and a dynamic chlorophyll-
to-carbon ratio. The two pools of detritus represent respectively large organic matter particles that sink fast (10md~') and
small particles that sink at slower speed (Im d—!). The small particles can coagulate with phytoplankton to form fast sinking
large detritus. The sinking of the particles is represented explicitly in the model, thus allowing all tracers to be advected
laterally including in the euphotic zone. When sinking particles reach the seafloor, they are remineralized back into ammonium
at a much slower rate (0.003 d—') than in the water column (0.03 d~" for small detritus and 0.01 d—! for large detritus).
Finally, the model is coupled to a module that describes the biological sources and sinks of oxygen following Lachkar et al.
(2016). Furthermore, at very low oxygen concentrations (O2 < 4 mmol/m3), nitrification and aerobic remineralization are shut
down and denitrification is set to consume nitrate instead of oxygen. Finally, benthic denitrification is parameterized following
Middelburg et al. (1996) (see further details of the model in Lachkar et al. (2016)).

2.2 Experimental design

The model domain extends in latitude from 5°S to 30°N and in longitude from 34°E to 78°E , thus encompassing the whole
Arabian Sea OMZ as well as the key dynamical features of the circulation of the region such as the Somali and Omani upwelling
systems and the Great Whirl. The model horizontal grid has a resolution of 1/12° with an average grid spacing that is about

5 to 20 times smaller than the local first baroclinic Rossby deformation radius (Chelton et al., 1998). This permits an explicit
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representation of a large fraction of the region eddies. The vertical grid consists of 32 sigma layers with an improved resolution
near the surface. The seafloor topography is derived from the ETOPO2 dataset supplied by the National Geophysical Data
Center (Smith and Sandwell, 1997).

The model is forced with a monthly climatology. The absence of interannual variability in the atmospheric forcing enables
us to quantify the role of internal variability associated with mesoscale eddies. The temperature, salinity and currents are
initialized and laterally forced using the Simple Ocean Data Assimilation (SODA) ocean reanalysis. Oxygen and nitrate initial
and boundary conditions are derived from the World Ocean Atlas (2009) dataset. The atmospheric boundary conditions for
heat and freshwater fluxes are based on the Comprehensive Ocean-Atmosphere Data Set (COADS) (da Silva et al., 1994). We
applied a surface restoring to COADS observed surface temperatures and salinities using kinematic flux corrections described
in Barnier et al. (1995). The model is forced with wind stress data from the QuikSCAT-derived Scatterometer Climatology of
Ocean Winds (SCOW) (Risien and Chelton, 2008).

The model is first spun up for 12 years and then is run for an additional 50 years using 9 different wind stress scenarios.
In the control run the wind stress is left unperturbed. In a first set of four perturbed monsoon simulations the wind stress was
uniformly increased or decreased by 20% and 50%, respectively. This amounts to wind speed perturbations of around 10 and
20%, respectively. Two additional runs were conducted where the perturbations of the summer and winter monsoon winds are
set to be antagonistic, i.e., a 50% increase (resp. decrease) of the summer monsoon wind stress that is concomitant with a 50%
decrease (resp. increase) in the winter monsoon wind stress. Finally, two simulations with gradual increase (resp. decrease) of
wind stress at a rate +1% per year are performed.

Although these runs explore different wind perturbation scenarios, they are highly idealized by nature and are not intended
to mimic future projections or realistic future trajectories, but rather aim at exploring the sensitivity of the Arabian Sea OMZ
to monsoon wind intensity changes and improving our understanding of the key mechanisms that control the OMZ response

and its timescales. For model evaluation we use the last 10 years of the control run.
2.3 Model evaluation

We use available satellite and in-situ observations to assess the model ability to reproduce observed physical and biogeochem-
ical properties in the Arabian Sea domain. To this end, we evaluate the model in terms of surface currents and eddy kinetic
energy (EKE), sea surface height (SSH) anomalies, sea surface temperature (SST) and surface chlorophyll-a concentrations.
Furthermore, we compare modeled primary production and export fluxes with estimates based on available field data and satel-
lite observations. Finally, we examine the distributions of temperature, salinity, oxygen and nitrate in the upper ocean in the
model and in the World Ocean Atlas (2013) dataset.

The model simulates successfully the surface eddy kinetic energy (EKE) as it reproduces quite accurately the spatial dis-
tribution of the observed surface eddy field (Fig. 1). In particular, the observed east-west gradient in EKE is captured by the
model. However, the model tends to slightly underestimate the magnitude of the eddy activity in the eastern and northeastern
Arabian Sea. This might be due to the resolution of the model that does not permit yet the representation of the full eddy

spectrum in this region (Chelton et al., 1998; Lachkar et al., 2016). The model also captures the main patterns of the observed
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Figure 1. Surface eddy kinetic energy. Surface eddy kinetic energy (in cm? s~2) as simulated in the model (top) and from data based on

Aviso satellite altimeter (middle) and surface drifter climatology of Lumpkin and Johnson (2013) (bottom).
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Figure 2. Surface distribution of chlorophyll-a. Surface chlorophyll-a concentrations (in mg m™>) as simulated in ROMS (left) and from
SeaWiFS (right) during winter (top) and summer (bottom) months. The SeaWiFS climatology is computed over the period from 1997 to
2009.

surface circulation both in summer and winter seasons (Appendix A: Supplementary figures, Fig. A1). In particular, the model
reproduces the Northeast Monsoon Current and the South Equatorial Countercurrent in winter and the energetic Great Whirl
and Southern Gyre in summer (Schott and McCreary, 2001). Furthermore, the strength and the seasonal reversal of the Somali
Current are also correctly reproduced in the model. Finally, the model reproduces the observed seasonal sea surface height
(SSH) anomalies in both winter and summer seasons (Appendix A: Supplementary figures, Fig. A2). In particular, both the
spatial distribution and the magnitude of coastal SSH gradients are accurately captured.

The model captures the main patterns of the observed sea surface temperature (SST) from AVHRR satellite data in winter and
summer seasons (Appendix A: Supplementary figures, Fig. A3). In particular, the model reproduces the east-west and north-
south temperature gradients across the model domain, as well as the strong surface gradients between the Arabian Sea and its
marginal seas (i.e., the Gulf and the Red Sea). Furthermore, the model also captures the cold SST tongue that characterizes
summer upwelling off the coasts of Oman and Somalia.

However, an examination of the north-south vertical distribution of temperature reveals that the model: (i) tends to underes-

timate the subsurface water temperature in the northern Arabian Sea particularly in winter and (ii) slightly overestimates the
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Figure 3. Horizontal and vertical distributions of oxygen. Distribution of annual mean oxygen (in mmol m~?) (top) at 200 m and (bottom)

in the upper 1000 m along 62°E as simulated in ROMS (left) and from World Ocean Atlas (2009) dataset.

mixed layer depth in both seasons (Appendix A: Supplementary figures, Fig. A4). Similar mismatch with observations char-
acterizes the simulated salinity fields (Fig. A3 and Fig. A4). Although the model generally reproduces the observed surface
distribution of salinity, it underestimates the deep penetration of salty surface waters in the northern region of the Arabian Sea.
This high-salinity water is characteristic of the Gulf water and its underestimation in our model indicates that the model may
underestimate the subduction of the Gulf water into the Arabian Sea. This might be due to model limitations such as the lack
of adequate vertical and horizontal resolutions as well as due to potential inconsistencies in atmospheric forcing data over the
Gulf region.

The model successfully simulates the high chlorophyll concentrations in the northern and western Arabian associated with
the winter and summer blooms, respectively (Fig. 2). The model also reproduces the high chlorophyll concentrations that are

observed off the Indian west coast in both seasons. However, the model substantially overestimates the observed chlorophyll
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concentrations off the Somali coast south of 4°N in both seasons. This is likely due to our nitrogen based NPZD model
that does not account for potential limitation of productivity by silicic acid and iron in this region as documented by Koné
et al. (2009). Besides this model deficiency, the large-scale distribution of chlorophyll is fairly well represented in most of the
Arabian Sea despite a tendency to underestimate chlorophyll in the open ocean. This might have to do with the model’s lack
of small phytoplankton functional groups that are more adapted to oligotrophic conditions. Overall, the fidelity of the modeled
chlorophyll is, however, in line with that simulated by state of the art models of the Indian Ocean and the Arabian Sea (e.g.
Resplandy et al., 2012).

We further compare simulated primary production and export fluxes with estimates based on available field data from the
US JGOFS Arabian Sea Process Study (Lee et al., 1998). These consist in: i) in-situ measured primary production ii) export
fluxes at 100 m estimated using 23*Th removal rates and iii) export fluxes estimated from sediment trap data at 500 m above
the seafloor. Fluxes were measured essentially during the year 1995 at 5 sites (M1, M2, M3, M4 and M5) along a transect
extending from the Coast of Oman to the central Arabian Sea (Lee et al., 1998). Because of the limited number of in-situ
observations of productivity (only 5 measurements at each site), we also use satellite-based productivity estimates obtained
from two sensors (SeaWiFS and MODIS) and based on two different algorithms: the Vertically Generalized Production Model
(VGPM) (Behrenfeld and Falkowski, 1997) and the Carbon Based Production Model (CBPM) (Westberry et al., 2008). The
model correctly simulates the observed decrease in productivity associated with increasing distance to coast (Appendix A:
Supplementary figures, Fig. AS). Yet, it substantially underestimates the in-situ based estimates at all sites. Some of this
mismatch may be due to the fact that the in-situ estimates are derived from a small number of independent measurements
that are all coming from one individual year (1995). Given the importance of both mesoscale and interannual variability, these
estimates may therefore not be representative of the long-term climatological conditions simulated by the model. Indeed, a
better agreement is obtained between the modeled productivity and estimates based on satellite observations that have a more
extensive temporal coverage (Fig. AS). We further contrasted the simulated export fluxes at 100 m to estimates from Lee
et al. (1998) at the 5 stations (Fig. A6a). Our modeled export fluxes generally overestimate the 2*4Th-based estimates but
remain comparable to them in magnitude. Furthermore, the model reproduces quite accurately the observed offshore gradient
in export. It is worth highlighting however that similarly to the in-situ measured productivity, these export fluxes are based on
4 independent measurements at each site only, all from the same year (1995). Finally, comparing the modeled export fluxes in
the deep ocean (500 m above the seafloor) to sediment trap data at the same sites yields a good agreement between the model
and the observations in all stations (Fig. A6b). It is worth noting that these deep export flux estimates can be considered as
more robust than those at 100 m as they are based on a larger number of independent measurements (20-40 measurements at
each site).

The simulated surface distribution of nitrate is consistent with observations from the World Ocean Atlas dataset in both sea-
sons (Fig. A7). In particular, the high surface concentrations associated with the summer upwelling in the western Arabian Sea
and the winter convection in the northern Arabian Sea are captured by the model. Finally, the simulated oxygen distributions at
depth compare generally well with observations (Fig. 3). In particular, the location, the size and the depth of the Arabian Sea

oxygen minimum zone (OMZ) (defined here by O, < 60 mmol m~—3) are correctly reproduced. However, the model overesti-
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mates the intensity of the OMZ in the northern Arabian Sea and off the Indian west coast. This might be driven by the model
underestimated eddy activity that may lead to underestimated OMZ ventilation as shown by Lachkar et al. (2016). This might
also partly result from the misrepresentation and likely underestimation of the injection of the Gulf waters into the northern
Arabian Sea at intermediate depths.

A more quantitative evaluation of model skill is performed using in-situ observations from the World Ocean Database
(2013) that we binned into a 0.5° monthly climatology. No spatial interpolation is made and the model and observations are
compared at the observation points. The results of this evaluation are summarized graphically using Taylor diagrams (Taylor,
2001) quantifying the similarity between the observations and model in terms of their correlation, the amplitude of their
standard deviations and their centered root-mean-square (RMS) difference (Fig. 4). Our statistical analysis shows that the
simulated and observed SSH anomalies have similar standard deviations and correlate strongly with correlation coefficients
of 0.77 and 0.83 in winter and summer, respectively (Fig. 4a). Similarly, the quantitative comparison of the simulated and
observed SST climatologies shows similar standard deviations and small RMS errors as well as very high correlations (r >0.92)
in both seasons, confirming the visual comparison conclusions (Fig. 4a). Likewise, the simulated and observed chlorophyll
distributions show relatively low RMS errors in both seasons with decent correlations ranging from 0.69 in summer to 0.74 in
winter (Fig. 4a). Despite the underestimation of the penetration of the warm and salty surface waters in the northern Arabian
Sea at depth, the large scale distributions of temperature and salinity in the upper ocean are captured by the model as indicated
by low RMS errors and very high correlations with in-situ observations (r > 0.91) for both temperature and salinity (Fig. 4b).
Additionally, the model shows an overall high skill in reproducing the observed large-scale distributions of both nitrate and
oxygen, with correlations with the World Ocean Database ranging in the upper 200 m from 0.88 for nitrate in summer months
to around 0.93 for oxygen in both seasons (Fig. 4b).

In summary, despite some local biases, the model generally shows reasonable skill in reproducing the large-scale features of
the circulation in the Arabian Sea as well as the seasonal dynamics of phytoplankton blooms in the region. More importantly,
it reproduces fairly well the location and structure of the Arabian Sea oxygen minimum zone. The discussion of the potential

impact of the model limitations on our results will be addressed in detail in the discussion section.

3 Results

To explore the sensitivity of the Arabian Sea ecosystem to changes in the intensity of monsoon winds, we consider various
scenarios of idealized wind perturbations. A first set of scenarios consists in increasing (resp. decreasing) the wind stress
over the whole domain and throughout the year by 20% and 50%, respectively. In a second set of experiments, we increase
the wind stress by 50% in summer (resp. winter) and decrease it by 50% in winter (resp. summer). This is to account for
perturbation scenarios where summer and winter monsoon winds evolve in opposite directions as suggested by multiple paleo
records (e.g. Klocker and Henrich, 2006) showing intensification of summer monsoon to be concomitant with the weakening of
winter monsoon and vice versa. This will also allow us to disentangle the impacts of the changes in each monsoon season and

determine their respective contributions to the overall response. The wind perturbations are applied instantly and maintained
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Figure 4. Taylor diagram displaying statistical comparison of modeled and observed fields. Taylor (2001) diagram of simulated (a) sea
surface temperature (data points labeled “1”), sea surface height anomalies (data points labeled ‘“2”’) and surface chlorophyll-a (data points
labeled “3”) in winter (blue) and summer (red) months and (b) temperature (data points labeled “1”), salinity (data points labeled “2”),
oxygen (data points labeled “3”) and nitrate (data points labeled “4”) in the upper 1000 m and in the top 200 m in winter (blue) and summer
(red) months. The reference point of the Taylor diagram corresponds to (a) SeaWiFS observations for chlorophyll, AVHRR data for surface
temperature and AVISO climatology for sea surface height anomalies and (b) World Ocean Database 2013 for all four variables. The radius
(distance to the origin point) represents the modeled standard deviation relative to the standard deviation of the observations. The angle
between the model point and the X-axis indicates the correlation coefficient between the model and the observations. Finally, the distance

from the reference point to a given modeled field represents that field’s centered root mean square (RMS) with respect to observations.

over 50 years for each scenario (abrupt perturbation). The impact of perturbations entailing gradual changes in the wind

intensity will be addressed later in section 4.

3.1 Response of NPP

The magnitude of the Arabian Sea net primary production (NPP) response is proportional to the amplitude of the perturbation
(Fig. 5). For instance, NPP increases (resp. decreases) by around 20% and 45% to 50% in response to an increase (resp.
decrease) in the wind stress of 20% and 50%, respectively. However, when the summer wind intensification (resp. weakening)
is concomitant with a decrease (resp. increase) in the winter monsoon winds, the annual mean NPP still shows an increase (resp.
decrease) but of a weaker amplitude. Therefore, we conclude that the NPP response is dominated by the summer southwest
monsoon (SWM) perturbation and that the winter northeast monsoon (NEM) wind changes play a minor role. Two factors

explain the strong control of the SWM perturbation over the NPP annual mean response. First, the biological production during
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Figure 5. Biogeochemical response to monsoon wind intensity changes. Relative changes in response to monsoon wind intensity per-
turbations in net primary production (green), denitrification (blue), suboxic volume (red) and hypoxic volume (orange). Open circles (resp.
squares) indicate the results from the simulation where summer monsoon wind stress is increased (resp. decreased) by 50% and winter

monsoon wind stress is decreased (resp. increased) by 50%.

the SWM dominates the annual production (explains more than 40% of the annual levels while NEM productivity contributes
by less than 33%). Second, summer productivity is more sensitive to wind changes as it is directly driven by wind-induced
upwelling. In contrast, NEM productivity is driven by wintertime cooling and convection. Hence, NEM wind intensification
enhances vertical mixing and surface nutrient concentrations, but also deepens the mixed layer, thus potentially increasing light
limitation. This results in a more limited increase in winter productivity (+38% increase in response to 50% increase in wind
stress) in comparison to summer productivity (+52% increase in response to 50% increase in wind stress). Finally, the response
of NPP to changes in Indian monsoon wind intensity develops over a relatively short timescale (Fig. 6 and Fig. A8). Indeed,

the NPP reaches a quasi steady state with limited internal variability within 3 to 5 years from the start of the perturbation.
3.2 Response of OMZ and denitrification

Under monsoon wind intensification (resp. weakening), the OMZ (defined here as hypoxic water with Oy < 60 mmol m~3)
expands (resp. contracts) (Fig. 5). The OMZ response is much slower and of a weaker amplitude than the NPP response (Fig. 6
and Fig. A8). For instance, it takes several decades for the hypoxic volume to reach a quasi steady state. Furthermore, the
OMZ expands (resp. contracts) by a mere 20% in response to a 50% wind stress increase (resp. decrease). Similarly to NPP,
the OMZ response is dominated by the summer perturbation (Fig. 5). This can be partially explained by the larger summer
productivity and its larger sensitivity to wind changes leading to stronger perturbation of the Oy demand. Additionally, the
deepening (by up to 25m) of the wintertime mixed layer that result from NEM intensification enhances the ventilation of the

northern and northeastern Arabian Sea, thus compensating the mild increase in Os consumption that result from enhanced
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Figure 6. Response to monsoon wind increase as a function of time. Response to wind stress increase (+50%) of NPP, denitrification and

suboxic and hypoxic volumes as a function of time.

winter productivity. Finally, the response of the suboxic volume (defined here as Oy < 4 mmol m~3) is similarly slow (30 to
50 years) but of much larger amplitude (Fig. 5 and Fig. 6). Indeed, the suboxic volume expands by around 50% in response to
a 50% increase in the wind stress. The amplitude of this response is even larger (more than 60%) when the summer monsoon
intensification occurs concurrently with a weakening of the winter monsoon winds (Fig. 5). However, the response of the
suboxic volumes comes with a substantially stronger internal variability (Fig. 6).

As denitrification develops only under suboxic conditions, its response to monsoon changes is modulated by the response of
the suboxic volume. Similarly, it shows a slow response (on a timescale of several decades) characterized with strong internal
variability (Fig. 6). However, the amplitude of denitrification response is generally larger than that of suboxia (Fig. 5). For
instance, denitrification increases by more than 85% when summer monsoon intensifies by 50% and winter monsoon weakens
by 50%, whereas the suboxic volume increases by only around 60% under the same perturbation. This is consistent with
denitrification fluxes depending both on the volume of suboxia as well as on the amplitude of production fluxes. As both NPP
and suboxia increase under monsoon intensification, the cumulative effect of their increases lead to a larger denitrification
response.

Under increased monsoon winds, hypoxia increases at depth but is reduced in the upper ocean (Fig. 7a). Similarly, the
suboxic volume expands at depth and contracts near the surface. Indeed, the peak of low O, located in the lower epipelagic

zone (150-200 m) as seen in Fig. 3 weakens under enhanced monsoon winds, whereas the lower OMZ peak (< 400 m) expands.
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Figure 7. Changes in the Arabian Sea OMZ and denitrification as a function of depth. (a) Total area (in 10° km?) occupied by hypoxic
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Figure 8. OMZ response in different vertical layers as a function of time. Changes in hypoxic volume (in %) under wind stress increase

(+50%) in the epipelagic zone (0-200m), the mesopelagic zone (200-1000m) and the bathypelagic zone (>1000m).
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This results in the intensification of denitrification at depth and its attenuation in the upper ocean (Fig. 7b). These changes
involve varying timescales and contrasting levels of internal variability (Fig. 8 and Fig. A8). The compression of the OMZ in
the epipelagic zone (0-200 m) is relatively quick (i.e., a timescale of years) and is associated with a strong internal variability.
On the other hand, the OMZ expansion is much slower (i.e, a timescale of decades) in the intermediate (i.e., mesopelagic zone

200-1000m) and the deep (i.e., bathypelagic zone >1000m) oceans and is accompanied by a much weaker internal variability.

4 Discussion
4.1 Drivers of the OMZ change and its timescale

In order to elucidate the factors driving the OMZ changes, we perform an oxygen budget analysis in the OMZ volume. We
first take into account the whole water column and then carry out the analysis separately in three layers: the epipelagic zone
(0-200m), the mesopelagic zone (200-1000m) and the bathypelagic zone (>1000m). For simplicity we consider only the two
most extreme scenarios where the wind stress is increased or decreased by 50%. For each simulation we subtract the control run
from the perturbation run and focus on the anomalies with respect to the non-perturbed case. We quantify the annual oxygen
accumulation within the OMZ with respect to the control run and determine the contributions of transport and biology to this
(Fig. 9 and Fig. A9).

This analysis shows that when considering the whole OMZ, the oxygen accumulation is generally negative (corresponding to
anet loss of Oz) over the first two decades when monsoon winds are increased (Fig. 9a). However, this term becomes gradually
small and oscillates around zero during the last decade of the simulation as the OMZ tends towards a different steady state. This
explains the fast increase in the OMZ volume over the first few decades and its quasi stabilization by the end of the simulation.
This oxygen loss is driven by an imbalance between increased Oy supply from transport and enhanced O, consumption due
to biology (Fig. 9a). Over the first 20 to 30 years under increased winds, the enhanced supply of oxygen through ventilation
undercompensates the additional sink of oxygen due to biology. This is because the biological response is much quicker than
the ventilation response. Indeed, it takes around 30 years for the transport contribution to reach a quasi equilibrium, and only
around 3 years for the biological response to reach its steady state. This difference in the response timescale of biology and
circulation is responsible for the slow expansion of OMZ. Additionally, most of the internal variability that characterizes the
OMZ oxygen content (and hence its size and intensity) is associated with the ventilation contribution.

The oxygen budget in the upper (0-200m) OMZ reveals that the Os accumulation term is predominantly positive over the
first few years of the simulation, and is driven by a supply of oxygen through transport that exceeds biological consumption
(Fig. 9b). The oxygen source and sink reach a quasi balance within a couple of years. This explains the rapid response of the
OMZ in the upper ocean in our model. The strong internal variability that characterizes the time evolution of hypoxic volume
is driven by the variability of the transport of oxygen to the OMZ. In the intermediate mesopelagic zone (200-1000m), the
slow OMZ response is driven by a much slower response of the circulation driven oxygen supply that only balances the quick
biological response with a delay of 2 to 3 decades (Fig. 9c). In the deep bathypelagic zone (>1000m), the response of the OMZ

is even slower because the circulation timescale is even longer (Fig. 9d).
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Figure 9. Drivers of OMZ expansion under monsoon intensification. Annual O, accumulation (tendency %) under increased wind
stress (+50%) relative to control (grey line) and its biological (green) and physical (blue) sources in the OMZ as a function of time in (a) the

whole water column, (b) the epipelagic zone (0-200m), (c) the mesopelagic zone (200-1000m) and (d) the bathypelagic zone (>1000m).

4.2 Implications and limitations of the study

The oxygen changes induced by monsoon wind perturbation have important ecological and biogeochemical implications.
In particular, changes that affect the upper OMZ can have direct effects on marine habitats and may impact the ecosystem
community structure. On the other hand, the changes in the OMZ intensity have the potential - via denitrification - to alter the

marine nitrogen budget, and hence the efficiency of the biological pump of carbon and climate, on the longer timescales.

16



10

15

— 0.5xT1
— Control
— 1.5xT -

1200. L L L L L

¢ &8 &8 8

Eddy Kinetic Energy (cmz/sz)

N

8
1
T

T T T
62°E 66°E 70°€E 74°%€

Longitude

T
54°€ 58°E

2 §—2

Figure 10. Eddy Kinetic Energy as a function monsoon wind intensity. Latitudinally averaged Eddy Kinetic Energy (in cm~ s~ “) between

17°N and 20°N as simulated under monsoon wind perturbations.

4.2.1 Implications for habitats

A 50% increase in the monsoon wind stress leads to almost a doubling of the surface eddy kinetic energy in the central and
western Arabian Sea (Fig. 10). As mesoscale eddy variability explains most (> 85%) of subsurface oxygen variance in the
upper OMZ of the region, this enhanced eddy activity further amplifies the already high O variability of the western Arabian
Sea, and increases the alternation of hypoxic and oxic conditions there (Fig. 11). This can enhance marine habitat variability,
and hence strongly impact local ecosystem community structure. The rich yet fragile west Arabian Sea ecosystem faces already
several local and large-scale stressors such as harmful algal blooms, surface warming and ocean acidification (e.g. de Moel
et al., 2009; Gomes et al., 2014; Roxy et al., 2016). Habitat changes associated with wind-driven O5 perturbations in the upper
ocean could add to these stressors and lead to profound ecosystem changes. It is worth recalling that as our model is forced with
monthly climatology, the increase in habitat variability under intensified monsoon simulated here does not take into account
potential changes in high frequency atmospheric forcing. These may further amplify or dampen habitat variability depending

on their potential future evolution.
4.2.2 TImplications for the nitrogen cycle

Denitrification increases by around 72% in response to a 50% increase in wind stress. This strong increase of denitrification
amplifies fixed nitrogen removal. When integrated over the Arabian Sea domain, this represents an additional loss of fixed
nitrogen of around 9.5 Tmol N/decade. Such a sink of bioavailable nitrogen can significantly alter the ocean productivity at large
scale. For instance, integrating the modern climate net primary production estimated from satellite data using the Behrenfeld

and Falkowski (1997) VGPM across the Indian open ocean and assuming an average f-ratio of 0.5 (Singh and Ramesh, 2015;
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Figure 11. Oxygen variability as a function of monsoon wind intensity. (top) Oxygen temporal standard deviation (in mmol m %) and
(bottom) number of episodic oxic events (O > 60 mmol m~%) per year along 17.5°N at 150 m (corresponding to the depth of the upper

OMZ peak) as simulated under different monsoon wind intensities.

Prakash et al., 2015) yields an uptake of nitrate of around 25 Tmol N/year, with the Indian Monsoon Gyre and the Indian
South Subtropical Gyres provinces (Longhurst, 2010) contributing by 13.28 and 11.78 Tmol N/year, respectively (see Table
1). Therefore, the enhanced denitrification in the Arabian Sea has the potential to significantly reduce biological productivity
at the basin scale (and beyond) on timescales of decades to centuries. The extent of this reduction depends on the depth of the
nitrogen removal and the local importance of other potential co-limitations. We speculate, however, that this perturbation would
eventually subside and weaken on timescales that approach the turnover time of fixed nitrogen in the ocean (~ 3000 years).

This is because observations suggest a tight coupling between denitrification and N, fixation on timescales of thousand years
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Table 1. Estimated biological productivity and nitrogen uptake in Longhurst (2010) Indian Ocean biophysical provinces. NPP is estimated

from satellite data using the Behrenfeld and Falkowski (1997) Vertically Generalized Production Model (VGPM). We assume an average

f-ratio (f-ratio = ]]\i,‘i;;’g ) value of 0.5 consistent with previous studies of Singh and Ramesh (2015) and Prakash et al. (2015). NewP refers to

new production.

Longhurst (2009) biophysical province Area averaged NPP Integrated NPP  Nitrate uptake (f-ratio=0.5)
(inkm?) (inmgCm~2d™') (in Tmol N yr™!) (in Tmol N yr—1)

Indian Monsoon Gyres Province 15797227 366.2 26.56 13.28

Indian S. Subtropical Gyre Province 16975241 324.8 23.56 11.78

(Gruber, 2008; Sigman and Haug, 2003). Two negative feedbacks may indeed limit, and eventually reverse, the growth of such
anitrogen cycle perturbation. First, the reduction in productivity that results from denitrification enhancement would ultimately
reduce Oy demand, and hence weaken the intensity of OMZ and denitrification. Second, the excess of phosphate over nitrate
(resulting from enhanced denitrification) would favor diazotrophic organisms that can outcompete normal phytoplankton in
situations of severe fixed nitrogen deficits. This would lead to enhanced Ny fixation and ultimately result in restoring the
original balance (Gruber, 2008). Yet, there remain large uncertainties regarding the amplitude of these feedbacks and their
timescales as other factors such as iron availability (Falkowski, 1997) can control N fixation. Furthermore, observations of
excess phosphate over nitrate indicate basin-scale imbalances between N, fixation and denitrification on timescales shorter
than the timescale of the overturning circulation.

The increase in the Arabian Sea denitrification and nitrification should also lead to an increase in the NoO production.
This could not be tested in the present study as N2O is not represented in our model. Indeed, as denitrification leads to
both production (under suboxic conditions) and consumption (under anoxic conditions) of N2O, the net effect of a change in
denitrification on N5O total budget is not easy to quantify without a dedicated parameterization of N5 O fully taking into account
the different sources and sinks of the nitrous oxide as well as the effect of the transport and gas exchange on its dynamics.
However, we speculate that significant monsoon intensification has the potential to lead to an important enhancement of NoO
production because of enhanced nitrification. Indeed, nitrification is predicted to increase by up to 62% in response to a 50%
increase in wind stress while Arabian Sea data suggests nitrification to be the dominant pathway of N2 O production outside of
the OMZ and a major contributor, together with denitrification, to its production inside the OMZ, (Bange et al., 2001).

In conclusion, reduced large-scale productivity under Indian monsoon (and denitrification) intensification could reduce the
efficiency of the biological pump of carbon and together with enhanced N,O production may amplify climate warming. There-
fore, our study suggests that the Arabian Sea OMZ can contribute to climate variations over long timescales via a positive

feedback on atmospheric concentrations of CO5 and N5O.
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4.2.3 TImplications for paleo studies

Our study reveals a strong link between the strength of the monsoon and the Arabian Sea productivity and denitrification. This
validates the assumption made in several paleo-climate studies that variations in productivity and denitrification in this region
are tightly coupled to monsoon fluctuations. Our study also confirms the potential for the Arabian Sea OMZ to strongly impact
the marine nitrogen budget at a larger scale in response to Indian monsoon fluctuations, in agreement with conclusions of
previous paleo studies. Some of these studies have linked past OMZ intensity changes to changes in the rate of formation and
subduction of oxygen enriched Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) in the Southern
Ocean in association with Atlantic Meridional Overturning Circulation (AMOC) fluctuations (Pichevin et al., 2007; Boning
and Bard, 2009). Previous model simulations of the last glaciation confirm that reduced AMOC leads to a reduction in nutrient
supply to the Arabian Sea, thus resulting in a decreased productivity and a weakened OMZ (Schmittner et al., 2007). However,
the simulated OMZ in the Arabian Sea is too weak in this very coarse resolution model, raising concern about its reliability
in the region. Furthermore, these simulated oxygen changes involve slower timescales (timescale of several centuries) than the
timescales associated with abrupt changes observed in paleo records (timescale of decades). Our study shows that the Arabian
Sea OMZ can respond on a timescale of decades to changes in summer monsoon wind intensity, and hence strengthens the
hypothesis that past OMZ intensity abrupt changes are dominated by fluctuations in the intensity of monsoon winds. However,
this hypothesis needs to be further confirmed through investigation using global simulations with more realistic representation
of the Arabian Sea OMZ. Other studies proposed that weakened Arabian Sea OMZ during stadials (cold phases) might be
driven by both reduced productivity associated with weaker southwest (SW) monsoon as well as increased winter mixing
associated with a stronger northeast (NE) monsoon (e.g. Reichart et al., 2004; Klocker and Henrich, 2006). Here we show that
the changes in the SW monsoon winds dominate the response of the Arabian Sea ecosystem and that the changes in the NE
monsoon play a relatively smaller role. Therefore, our results validate previous paleo studies that assign the dominant role of

OMZ oscillations control to the Indian SW summer monsoon (e.g. Schulz et al., 1998; Altabet et al., 2002).
4.3 Sensitivity of the results to model resolution

Our model represents explicitly a large fraction of ocean eddies thanks to its relatively high-resolution of 1/12°. However,
this resolution is still too coarse to resolve the full eddy spectrum. In particular, our model still overestimates the intensity of
the OMZ because it underestimates the ventilation of the northern Arabian Sea (Lachkar et al., 2016). As shown in Lachkar
et al. (2016), eddies have a limited impact on the mean meridional circulation in the Arabian Sea. However, they do contribute
significantly to the ventilation of the OMZ through enhanced eddy mixing along isopycnals. Here, we ask how resolution-
dependent are the findings of the present study? To test the robustness of our results with respect to the employed model
resolution, we examine the simulated response of NPP, denitrification and OMZ obtained using two different model resolutions:
1/12° and 1/3°. We find generally similar sensitivities to wind changes under both resolutions (Fig. 12). This is because the
ventilation response to wind changes is identical in relative terms at both resolutions (Appendix A: Supplementary figures, Fig.

AS8). Indeed, at 1/12° resolution, the OMZ ventilation varies from around 3 sverdrup (Sv) when the wind stress is decreased
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Figure 12. Simulated response to monsoon wind changes as a function of model resolution. Responses of (a) NPP, (b) denitrification,

(¢) suboxic volume and (d) hypoxic volume to monsoon wind changes as simulated using 1/3° (brown) and 1/12° (grey) model resolutions.

by 50% to nearly 6 Sv when the wind stress is increased by 50%. At the substantially coarser resolution of 1/3°, this transport
ranges from 2 Sv under decreased wind stress to nearly 4 Sv under increased wind stress (Appendix A: Supplementary figures,
Fig. A8). Therefore, the OMZ ventilation increases by nearly 50% as the resolution increases from 1/3° to 1/12°. However, the
sensitivity of the ventilation to wind increase is very similar at both resolutions. We conclude that our findings are relatively

robust with regard to the model resolution.
4.4 Caveats and limitations
4.4.1 Limitations of the model

The limitations of the model are among the study main limitations. For instance, our simulations are based on a simple biogeo-
chemical model based on nitrogen only with no representation of other limiting nutrients such as iron, silicate and phosphate.

We think this can lead to some local biases in regions where other nutrients can limit productivity (e.g., off the Somali coasts).
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However, at larger scales the limitation by nitrogen has been shown to dominate over other nutrient limitations in the Indian
Ocean, and hence we assume that this choice should not affect the main findings and conclusions of the study (Koné et al.,
2009).

Another caveat of the study is the lack of a representation of the nitrogen fixation in the model. Although denitrification is
thought to largely dominate over Ny fixation in the Arabian Sea (Bange et al., 2005), the absence of nitrogen fixation in the
model could still artificially amplify the effect of denitrification on nitrogen budgets and ultimately lead to an overestimated

feedback of OMZ fluctuations on the carbon cycle and the climate.
4.4.2 Limitations of the idealized wind change scenarios

The primary focus of this study is the sensitivity of the Arabian Sea OMZ to monsoon wind changes and its response timescale.
This justifies the use of highly idealized wind perturbations, as our simulations are not intended to mimic realistic future
changes but rather to deepen our understanding of the key mechanisms at work and their potential implications. However, we
are aware that future and past monsoon changes generally come in complex spatial and temporal patterns, which may affect the
projected OMZ response. For instance, a recent study by Praveen et al. (2016) suggests that summer monsoon intensification
will affect more the northern Arabian Sea (i.e., Sea of Oman) than its southern part (i.e., the Somali coast). This could alter
the response of the OMZ depending on how the overall Arabian Sea productivity changes. As an additional simplification, all
wind perturbations were applied instantly (following a step function). This is a strong idealization that can be justified here by
the fact that we are interested in the equilibrium response of the ecosystem and its timescale. In reality, the response of the
ecosystem will also depend on the perturbation timescale. To illustrate this, we performed two additional simulations where the
wind stress was increased (resp. decreased) at a rate of 1%/yr over 50 years (Appendix A: Supplementary figures, Fig. A11).
In these simulations, the changes in the size of the OMZ are consistent with runs where the perturbations are implemented
instantly. However, the OMZ response is slower because of the slower perturbation timescale.

Finally, we considered here the effects of monsoon changes in isolation. The response of the OMZ to such perturbations
may however change when considered in combination with other potential perturbations such as surface warming or large-scale

ventilation changes. This needs to be further investigated in a dedicated study.

5 Conclusions

A set of coupled physical biogeochemical simulations of the Arabian Sea ecosystem reveals a tight coupling between the in-
tensity of the summer monsoon wind and the size and intensity of the Arabian Sea OMZ. We find that the OMZ and ecosystem
responses are largely determined by the perturbation of the summer SW monsoon, whereas the winter NE monsoon changes
play a comparatively smaller role. We show that the intensification of monsoon winds strongly increases the ecosystem pro-
ductivity, thereby amplifying the oxygen biological consumption and intensifying the OMZ at depth. Concurrently, increased
monsoon winds also enhance the transport of oxygen to the OMZ. These opposing effects lead in the upper ocean to a weaken-

ing of the OMZ as the supply of oxygen through enhanced ventilation exceeds the oxygen depletion resulting from increased
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remineralization there. In contrast, the OMZ intensifies and expands at depth as the increased biological consumption of oxy-
gen overcompensates the effect of enhanced ventilation below the thermocline. Our simulations indicate that the productivity
responds to monsoon wind changes on a timescale of years, while the OMZ responds on a much longer timescale (i.e., several
decades). This reflects the difference in the ocean circulation adjustment timescales between the surface and the intermediate
ocean. The enhanced ventilation favors episodic injections of oxic waters in the lower epipelagic zone (100-200m) of the west-
ern and central Arabian Sea, leading to intermittent expansions of habitats and a more frequent alternation of hypoxic and oxic
conditions there. The increased productivity and deepening of the OMZ also lead to a strong intensification of denitrification
at depth, resulting in a substantial amplification of fixed nitrogen depletion in the Arabian Sea. We conclude that changes in
the Indian monsoon can affect, on longer timescales, the large-scale biogeochemical cycles of nitrogen and carbon, with a
positive feedback on climate change in the case of stronger winds. While it has been suggested that OMZs may expand in
the future due to increased stratification (causing reduced ventilation), we show here that the Arabian Sea OMZ can also ex-
pand as a consequence of increased upwelling causing increased productivity and increased Oy consumption due to enhanced

remineralization.
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Figure A1l. Surface circulation. Surface circulation as simulated in the model (left) and from surface drifter climatology of Lumpkin and
Johnson (2013) (right) in winter (top) and summer (bottom) months. Arrows indicate the direction of the current and the color shading shows

the current magnitude (in m/s).

Figure A2. Sea surface height anomalies. Sea surface height seasonal anomalies (in m) simulated in ROMS (left) and from AVISO (right)
during winter (top) and summer (bottom) months. The AVISO climatology is computed over the period from 1993 to 2009.
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Figure A3. Sea surface temperature and salinity. (a-d) Sea surface temperature (in °C ) from ROMS (left) and AVHRR (right) during
winter and summer months. (e-h) Sea surface salinity (in PSU) as simulated in ROMS (left) and from World Ocean Atlas (2009) dataset

(right) during winter and summer months. The AVHRR observational climatology is computed over the period from 1981 to 2014.
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Figure A4. Vertical distributions of temperature and salinity in the upper ocean. (a-d) Meridional distribution of temperature in the
upper 200 m along 62°E as simulated in ROMS (left) and from World Ocean Atlas (2009) dataset (right) during winter and summer months.
(e-h) Meridional distribution of salinity in the upper 200 m along 62°E as simulated in ROMS (left) and from World Ocean Atlas (2009)

dataset (right) during winter and summer months.
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Figure AS. Biological productivity at mooring stations M1 to M5 on a transect extending 1500 km from the coast of Oman. (a)
Annual-mean primary production fluxes at stations M1 to M5 (Lee et al, 1998) as estimated from in-situ observations (black) and simulated
in the model (red). The dashed lines refer to modeled maximum (red) and minimum (blue) annual production. The shading indicates the £1
standard deviation from the model mean. (b-c) Satellite-based estimates of annual-mean primary production fluxes at the M1 to M5 stations
using the CBPM (b) and VGPM (c) algorithms and the SeaWiFS and MODIS sensors. The shading indicates the =1 standard deviation from

the mean.
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Figure A6. Export fluxes at mooring stations M1 to MS5. Annual-mean export flux at the (M1-M5) stations as estimated from in-situ

observations (black) and simulated in the model (red) at 100m (a) and 500m above the seafloor (b). The dashed lines refer to modeled

maximum (red) and minimum (blue) annual export fluxes. The shading indicates the =1 standard deviation from the model mean.
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Figure A7. Surface distribution of nitrate. Surface distribution of nitrate (in mmol m~2) as simulated in ROMS (left) and from World

Ocean Atlas (2009) dataset (right) during winter (top) and summer (bottom) months.
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Figure A8. Response to monsoon wind weakening. (left) Response to wind stress decrease (-50%) of NPP, denitrification and suboxic and
hypoxic volumes as a function of time. (right) Changes in hypoxic volume (in %) under wind stress decrease (-50%) in the epipelagic zone

(0-200m), the mesopelagic zone (200-1000m) and the bathypelagic zone (>1000m).
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Figure A9. Drivers of OMZ contraction under monsoon weakening. Annual O, accumulation (tendency dd%) under decreased wind
stress (-50%) relative to control (grey line) and its biological (green) and physical (blue) sources in the OMZ as a function of time in (a) the

whole water column, (b) the epipelagic zone (0-200m), (c) the mesopelagic zone (200-1000m) and (d) the bathypelagic zone (>1000m).
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Figure A10. Meridional transport in O2 classes as a function of wind and resolution. Meridional overturning circulation (MOC) in
O coordinate as a function of latitude (a-c) under different wind scenarios. Contour lines indicate the meridional stream function (positive
indicates clockwise circulation). The color shading shows the meridional component of the transport (in Sv/ 4 mmol O» m~?). (d) simulated
MOC at 8°N under different wind scenarios using two model resolutions. We compute the meridional overturning circulation in oxygen
coordinates following Lachkar et al. (2016). This approach allows us to characterize the ventilation of the OMZ driven by both the mean
meridional circulation and eddy mixing along isopycnals. In practice this consists in binning the meridional transport by Oz classes for each
model resolution. The details of the method and its mathematical formulation are provided in Lachkar et al. (2016). Waters with intermediate
oxygen concentrations that are above the hypoxic threshold enter the Arabian Sea at 8°N (latitude of the southern tip of India). This is
balanced by a southward export of (i) highly oxygenated surface water (Oz > 160 mmol m~2) and (ii) hypoxic water (O2 < 60 mmol m~?)
out of the Arabian Sea. The ventilation of the OMZ can be quantified in terms of the volume of hypoxic water exported out of the Arabian

Sea.
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Appendix B: Code availability

The model code can be accessed online at: http://www.romsagrif.org. The model outputs are available from the authors upon

request.

Appendix C: Data availability

The data used for forcing and validating the model is publicly available online and can be accessed from cited references.

Author contributions. Z.L. conceived the study, performed the experiment and the analysis and wrote the manuscript. M.L. and S.S. con-

tributed to the design of the study and participated in the interpretation of the results and the writing of the manuscript.

Competing interests. The authors declare that they have no competing financial interests.

Acknowledgements. Support for this research has come from the Center for Prototype Climate Modeling (CPCM), at New York University
Abu Dhabi (NYUAD). This research was carried out on the High Performance Computing (HPC) resources at NYUAD. We thank B.
Marchand, M. Barwani and the whole NYUAD HPC team for technical support. We are thankful to N. Gruber for allowing access to the

biogeochemical model code.

34



20

25

30

35

10

15

References

Altabet, M. A., Francois, R., Murray, D. W., and Prell, W. L.: Climate-related variations in denitrification in the Arabian Sea from sediment
15N/14N ratios, Nature, 373, 506-509, 1995.

Altabet, M. A., Murray, D. W., and Prell, W. L.: Climatically linked oscillations in Arabian Sea denitrification over the past 1 my: Implications
for the marine N cycle, Paleoceanography, 14, 732-743, 1999.

Altabet, M. A., Higginson, M. J., and Murray, D. W.: The effect of millennial-scale changes in Arabian Sea denitrification on atmospheric
CO2, Nature, 415, 159-162, 2002.

Bakun, A.: Global climate change and intensification of coastal ocean upwelling, Science, 247, 198-201, 1990.

Bange, H. W., S., Rapsomanikis, and M. O., Andreae: Nitrous oxide cycling in the Arabian Sea, J. Geophys. Res., 106(C1), 1053-1065,
doi:10.1029/1999JC000284, 2001.

Bange, H. W, Naqvi, S. W. A., and Codispoti, L.: The nitrogen cycle in the Arabian Sea, Progress in Oceanography, 65, 145-158, 2005.

Barnier, B., L. Siefridt, and P. Marchesiello (1995), Thermal forcing for a global ocean circulation model using a three-year climatology of
ecmwf analyses, Journal of Marine Systems, 6(4), 363-380.

Barton, E. D., Field, D., and Roy, C.: Canary current upwelling: More or less?, Progress in Oceanography, 116, 167-178, 2013.

Behrenfeld, M. J. and Falkowski, P. G.: Photosynthetic rates derived from satellite-based chlorophyll concentration, Limnology and oceanog-
raphy, 42, 1-20, 1997.

Boning, P. and Bard, E.: Millennial/centennial-scale thermocline ventilation changes in the Indian Ocean as reflected by aragonite preserva-
tion and geochemical variations in Arabian Sea sediments, Geochimica et Cosmochimica Acta, 73, 6771-6788, 2009.

Bopp, L., Le Quéré, C., Heimann, M., Manning, A. C., and Monfray, P.: Climate-induced oceanic oxygen fluxes: Implications for the
contemporary carbon budget, Global Biogeochemical Cycles, 16, 2002.

Bopp, L., C., Le Quéré, M., Heimann, A. C., Manning, and P., Monfray (2002), Multiple stressors of ocean ecosystems in the 21st century:
projections with CMIPS models, Biogeosciences, 10, 6225-6245, doi:10.5194/bg-10-6225-2013.

Cabré, A., I. Marinov, R. Bernardello, and D. Bianchi (2015), Oxygen minimum zones in the tropical Pacific across CMIP5 models: Mean
state differences and climate change trends, Biogeosciences, 12(18), 5429-5454.

Chelton, D. B., Deszoeke, R. A., Schlax, M. G., El Naggar, K., and Siwertz, N.: Geographical variability of the first baroclinic Rossby radius
of deformation, Journal of Physical Oceanography, 28, 433-460, 1998.

Codispoti, L., J. A. Brandes, J. Christensen, A. Devol, S. Naqvi, H. W. Paerl, and T. Yoshinari (2001), The oceanic fixed nitrogen and nitrous
oxide budgets: Moving targets as we enter the anthropocene?, Scientia Marina, 65(S2), 85-105.

Cocco, V., F, Joos, M., Steinacher, T. L., Frolicher, L., Bopp, J., Dunne, M., Gehlen, C., Heinze, J. C., Orr, A., Oschlies, B., Schneider,
J., Segschneider, and J., Tjiputra (2013), Oxygen and indicators of stress for marine life in multi-model global warming projections,
Biogeosciences, 10, 1849-1868, doi:10.5194/bg-10-1849-2013.

da Silva, A. M., C. C. Young, and S. Levitus (1994), Atlas of surface marine data 1994, Vol. 4: Anomalies of fresh water fluxes, NOAA
Atlas, NESDIS, 9.

deCastro, M., S. M., Santos, F., Dias, J., Gémez-Gesteira, M., et al.: How will Somali coastal upwelling evolve under future warming
scenarios?, Scientific Reports, 6, 2016.

Deutsch, C., Berelson, W., Thunell, R., Weber, T., Tems, C., McManus, J., Crusius, J., Ito, T., Baumgartner, T., Ferreira, V., et al.: Centennial
changes in North Pacific anoxia linked to tropical trade winds, Science, 345, 665-668, 2014.

35



20

25

30

35

10

15

Doney, S. C., Ruckelshaus, M., Emmett Duffy, J., Barry, J. P., Chan, F., English, C. A., Galindo, H. M., Grebmeier, J. M., Hollowed, A. B.,
Knowlton, N., et al.: Climate change impacts on marine ecosystems, Annual review of marine science, 4, 11-37, 2012.

Falkowski, P. G: Evolution of the nitrogen cycle and its influence on the biological sequestration of CO2 in the ocean, Nature 387, 2727275,
1997.

Garcia-Reyes, M. and Largier, J.: Observations of increased wind-driven coastal upwelling off central California, Journal of Geophysical
Research: Oceans, 115, 2010.

Goes, J. ., Thoppil, P. G., do R Gomes, H., and Fasullo, J. T.: Warming of the Eurasian landmass is making the Arabian Sea more productive,
Science, 308, 545-547, 2005.

Gomes, H., Goes, J. 1., Matondkar, S., Buskey, E. J., Basu, S., Parab, S., and Thoppil, P.: Massive outbreaks of Noctiluca scintillans blooms
in the Arabian Sea due to spread of hypoxia, Nature communications, 5, 2014.

Gruber, N. (2008): The marine nitrogen cycle: Overview and challenges, In D. G. Capone, D. A. Bronk, M. R. Mulholland, and E. J.
Carpenter (Eds.), Nitrogen in the marine environment, 2nd edn (pp. 1?50). Cambridge, UK: Academic Press, 2008.

Gruber, N. (2011), Warming up, turning sour, losing breath: Ocean biogeochemistry under global change, Phil. Trans. Royal Soc. Lond. A,
369(1943), 1980-1996.

Gruber, N., H. Frenzel, S. C. Doney, P. Marchesiello, J. C. McWilliams, J. R. Moisan, J. J. Oram, G.-K. Plattner, and K. D. Stolzenbach
(2006), Eddy-resolving simulation of plankton ecosystem dynamics in the California Current System, Deep Sea Res. I, 53(9), 1483-1516.

Gupta, A. K., Anderson, D. M., and Overpeck, J. T.: Abrupt changes in the Asian southwest monsoon during the Holocene and their links to
the North Atlantic Ocean, Nature, 421, 354-357, 2003.

Gutiérrez, D., Bouloubassi, 1., Sifeddine, A., Purca, S., Goubanova, K., Graco, M., Field, D., Méjanelle, L., Velazco, F., Lorre, A., et al.:
Coastal cooling and increased productivity in the main upwelling zone off Peru since the mid-twentieth century, Geophysical Research
Letters, 38, 2011.

Helm, K. P,, Bindoff, N. L., and Church, J. A.: Observed decreases in oxygen content of the global ocean, Geophysical Research Letters, 38,
2011.

Ivanochko, T. S., Ganeshram, R. S., Brummer, G.-J. A., Ganssen, G., Jung, S. J., Moreton, S. G., and Kroon, D.: Variations in tropical
convection as an amplifier of global climate change at the millennial scale, Earth and Planetary Science Letters, 235, 302-314, 2005.

Keeling, R. F., Kortzinger, A., and Gruber, N.: Ocean deoxygenation in a warming world, Annual review of marine science, 2, 199-229,
2010.

Klocker, R. and Henrich, R.: Recent and Late Quaternary pteropod preservation on the Pakistan shelf and continental slope, Marine Geology,
231, 103-111, 2006.

Koné, V., O. Aumont, M. Lévy, and L. Resplandy (2009), Physical and biogeochemical controls of the phytoplankton seasonal cycle in the
indian ocean: A modeling study, Geophys. Monogr. Ser, 185, 147-166.

Lachkar, Z., Smith, S., Lévy, M., and Pauluis, O.: Eddies reduce denitrification and compress habitats in the Arabian Sea, Geophysical
Research Letters, 43, 9148-9156, 2016.

Large, W. G., J. C. McWilliams, and S. C. Doney (1994), Oceanic vertical mixing: A review and a model with a nonlocal boundary layer
parameterization, Rev. Geophys., 32(4), 363—-403.

Lee, C., Murray, D. W., Barber, R. T., Buesseler, K. O., Dymond, J., Hedges, J. 1., Honjo, S., Manganini, S. J., Marra, J., Moser, C., Peterson,
M. L., Prell, W. L., and Wakeham, S. G.: Particulate organic carbon fluxes: compilation of results from the 1995 US JGOFS Arabian Sea

36



20

25

30

35

10

15

Process Study. By the Arabian Sea Carbon Flux Group, Deep Sea Research Part II: Topical Studies in Oceanography, vol. 45, issue 10-11,
pp- 2489-2501.

Long, M. C., Deutsch, C., and Ito, T.: Finding forced trends in oceanic oxygen, Global Biogeochemical Cycles, 30, 381-397, 2016.

Longhurst, A. R.: Ecological geography of the sea, Academic Press, 2010.

Lumpkin, R. and Johnson, G. C.: Global ocean surface velocities from drifters: Mean, variance, El Nifio—Southern Oscillation response, and
seasonal cycle, Journal of Geophysical Research: Oceans, 118, 2992-3006, 2013.

Marchesiello, P., L. Debreu, and X. Couvelard (2009), Spurious diapycnal mixing in terrain-following coordinate models: The problem and
a solution, Ocean Modelling, 26(3), 156-169.

McGregor, H., Dima, M., Fischer, H. W., and Mulitza, S.: Rapid 20th-century increase in coastal upwelling off northwest Africa, science,
315, 637-639, 2007.

Middelburg, J. J., K. Soetaert, P. M. Herman, and C. H. Heip (1996), Denitrification in marine sediments: A model study, Global Biogeo-
chemical Cycles, 10(4), 661-673.

de Moel, H., Ganssen, G., Peeters, F., Jung, S., Brummer, G., Kroon, D., and Zeebe, R.: Planktic foraminiferal shell thinning in the Arabian
Sea due to anthropogenic ocean acidification?, Biogeosciences Discussions, 6, 1811, 2009.

Narayan, N., Paul, A., Mulitza, S., and Schulz, M.: Trends in coastal upwelling intensity during the late 20th century, Ocean Science, 6, 8§15,
2010.

Pichevin, L., Bard, E., Martinez, P., and Billy, I.: Evidence of ventilation changes in the Arabian Sea during the late Quaternary: Implication
for denitrification and nitrous oxide emission, Global Biogeochemical Cycles, 21, 2007.

Prakash, S., Ramesh, R., Sheshshayee, M., Mohan, R., and Sudhakar, M.: Nitrogen uptake rates and f-ratios in the Equatorial and Southern
Indian Ocean, Current Sciences, 108, 239-245, 2015.

Praveen, V., Ajayamohan, R., Valsala, V., and Sandeep, S.: Intensification of upwelling along Oman coast in a warming scenario, Geophysical
Research Letters, 43, 7581-7589, 2016.

Reichart, G.-J., Brinkhuis, H., Huiskamp, F., and Zachariasse, W. J.: Hyperstratification following glacial overturning events in the northern
Arabian Sea, Paleoceanography, 19, 2004.

Resplandy, L., Lévy, M., Bopp, L., Echevin, V., Pous, S., Sarma, VVSS, and Kumar, M. D.: Controlling factors of the oxygen balance in the
Arabian Sea’s OMZ, Biogeosciences, 9, 5095-51009, https://doi.org/10.5194/bg-9-5095-2012, 2012.

Risien, C. M., and D. B. Chelton (2008), A global climatology of surface wind and wind stress fields from eight years of QuikSCAT
scatterometer data, J. Phys. Oceanogr., 38(11), 2379-2413.

Roxy, M. K., Modi, A., Murtugudde, R., Valsala, V., Panickal, S., Prasanna Kumar, S., Ravichandran, M., Vichi, M., and Lévy, M.: A
reduction in marine primary productivity driven by rapid warming over the tropical Indian Ocean, Geophysical Research Letters, 43,
826-833, 2016.

Ryther, J. and Menzel, D.: On the production, composition, and distribution of organic matter in the Western Arabian Sea, in: Deep Sea
Research and Oceanographic Abstracts, vol. 12, pp. 199-209, Elsevier, 1965.

Sandeep, S. and Ajayamohan, R.: Poleward shift in Indian summer monsoon low level jetstream under global warming, Climate Dynamics,
45, 337-351, 2015.

Sunke Schmidtko, S., Stramma, L., and Visbeck, M.: Decline in global oceanic oxygen content during the past five decades, Nature, 542,

335-339, doi:10.1038/nature21399, 2017.

37



20

25

30

605

610

615

620

Schmittner, A., Galbraith, E. D., Hostetler, S. W., Pedersen, T. F., and Zhang, R.: Large fluctuations of dissolved oxygen in the Indian and
Pacific oceans during Dansgaard-Oeschger oscillations caused by variations of North Atlantic Deep Water subduction, Paleoceanography,
22,2007.

Schulz, H., von Rad, U., and Erlenkeuser, H.: Correlation between Arabian Sea and Greenland climate oscillations of the past 110,000 years,
Nature, 393, 54-57, 1998.

Shchepetkin, A. F., and J. C. McWilliams (2005), The regional oceanic modeling system (ROMS): a split-explicit, free-surface, topography-
following-coordinate oceanic model, Ocean Mod., 9(4), 347-404.

Sigman, D. M., and G. H. Haug: Biological Pump in the Past, in Treatise On Geochemistry, edited by H.D. Holland and K.K. Turekian (H.
Elderfield, volume editor), Elsevier Science, Oxford, (2003).

Singh, A. and Ramesh, R.: Environmental controls on new and primary production in the northern Indian Ocean, Progress in Oceanography,
131, 138-145, 2015.

Singh, A. D., Jung, S. J., Darling, K., Ganeshram, R., Ivanochko, T., and Kroon, D.: Productivity collapses in the Arabian Sea during glacial
cold phases, Paleoceanography, 26, 2011.

Smith, W. H., and D. T. Sandwell (1997), Global sea floor topography from satellite altimetry and ship depth soundings, Science, 277(5334),
1956-1962.

Stramma, L., Johnson, G. C., Sprintall, J., and Mohrholz, V.: Expanding oxygen-minimum zones in the tropical oceans, science, 320, 655—
658, 2008.

Stramma, L., Prince, E. D., Schmidtko, S., Luo, J., Hoolihan, J. P., Visbeck, M., Wallace, D. W., Brandt, P., and Kortzinger, A.: Expansion
of oxygen minimum zones may reduce available habitat for tropical pelagic fishes, Nature Climate Change, 2, 33-37, 2012.

Sydeman, W., Garcia-Reyes, M., Schoeman, D., Rykaczewski, R., Thompson, S., Black, B., and Bograd, S.: Climate change and wind
intensification in coastal upwelling ecosystems, Science, 345, 77-80, 2014.

Taylor, K. E. (2001), Summarizing multiple aspects of model performance in a single diagram, Journal of Geophysical Research: Atmo-
spheres, 106(D7), 7183-7192, doi:10.1029/2000JD900719.

Vaquer-Sunyer, R., and C. M. Duarte (2008), Thresholds of hypoxia for marine biodiversity, Proc. Natl. Acad. Sci., 105(40), 15,452-15,457.

Varela, R., Alvarez, 1., Santos, F., et al.: Has upwelling strengthened along worldwide coasts over 1982-2010?, Scientific reports, 5, 2015.

Wang, B., Liu, J., Kim, H.-J., Webster, P. J., Yim, S.-Y., and Xiang, B.: Northern Hemisphere summer monsoon intensified by mega-El
Nifio/southern oscillation and Atlantic multidecadal oscillation, Proceedings of the National Academy of Sciences, 110, 5347-5352,
2013.

Wang, D., Gouhier, T. C., Menge, B. A., and Ganguly, A. R.: Intensification and spatial homogenization of coastal upwelling under climate
change, Nature, 518, 390-394, 2015.

Westberry, T., Behrenfeld, M. J., Siegel, D. A., and Boss, E.: Carbon-based primary productivity modeling with vertically resolved photoac-
climation, Global Biogeochem. Cycles, 22, GB2024, doi:10.1029/2007GB003078., 2008.

38


http://dx.doi.org/10.1029/2000JD900719

