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Scientific Significance Statement

The northern Indian Ocean emits nitrous oxide (N,O), a powerful greenhouse gas, to the atmosphere with a strong seasonal
cycle driven by monsoon winds and year-to-year variations associated with the natural climate mode called the Indian Ocean
Dipole (IOD). However, sparse observations of N,O in space and time cannot fully capture this temporal variability, leading to
potential biases in regional N,O emissions. We examine the influence of IOD on N,O seasonality using a regional ocean
model over the past four decades. Indian Ocean Dipole imposes a seesaw pattern in N,O between the western and eastern
basin with a stronger response during the positive phases of IOD than during the negative phases. Unfortunately, observa-
tional sampling is biased toward regions and IOD phases with lower N,O levels, likely resulting in the systematic underestima-
tion of N,O seasonality and N,O emission estimates. Understanding N,O seasonal and interannual variability is key to
constrain current and future ocean N,O emissions.

Abstract

The northern Indian Ocean is a hotspot of nitrous oxide (N,O) emissions, with strong seasonal monsoons and
interannual Indian Ocean Dipole (IOD) variability. We examine the IOD influence on N,O seasonality using a
regional ocean model covering 1981-2020, with a focus on the coastal ocean where ApN,O variability is more than
threefold greater than in the open ocean. Positive IOD amplifies ApN,O seasonality by a factor 2 to 5 in the east and
dampens it by ~ 30% in the west. Negative IOD reverses this pattern but changes are weaker (< 10%). This east/west
contrast and asymmetry between positive and negative IOD arise from changes in transport of N,O produced in
subsurface by nitrification and denitrification, and significantly modulate local N,O emissions (—40% to +130%).
Sparse N,O observations and systematic biases in IOD phase sampling compound seasonal and interannual variability,
likely leading to underestimation of N,O seasonality and emissions in observation-based reconstructions.

The northern Indian Ocean is among the major oceanic emis- Yang et al. 2020), and is subject to strong seasonal variations by
sion hotspots of nitrous oxide (N,0O), a powerful greenhouse gas monsoon winds and significant interannual variations associated
that affects the Earth’s climate (Prather 2001; Tian et al. 2020; with Indian Ocean Dipole (IOD), an analogue of El Nifio—
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Southern Oscillation in the tropical Pacific (Vinayachandran
et al. 2021; Schott and McCreary 2001; Schott et al. 2009).
Observations suggest that the strong N,O emissions in the
northern Indian Ocean undergo a vigorous seasonal cycle, espe-
cially in the Arabian Sea (Lal and Patra 1998), increasing by
~ 0.7 Tg N yr ! from the minimum in spring to the maximum
in summer (Yang et al. 2020). This increase contributes more
than 30% to the seasonal amplitude of global ocean N,O flux

Indian Ocean Dipole and N0 dynamics

(an increase of ~ 2.2 Tg N yr ! from boreal spring to summer,
Yang et al. 2020). However, observation-based estimates of N,O
emissions seasonality are compounded by interannual variability
due to sparse and uneven observations in both space and
time (Fig. 1a; Supporting Information Fig. S1), leading to biases
in ocean N,O emissions (Tian et al. 2024). For instance, N,O
emissions in the eastern tropical Pacific have been observed to
be greatly impacted by El Nifio—Southern Oscillation, locally

(bias, RMSE, r= -8.7, 28.4, 0.67)
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Fig. 1. Seasonal variability (SV) and interannual variability (IAV) in ApN,O in the Indian Ocean north of 5°S. (a) Observed ApN,O (OBS, Yang
et al. 2020). Spatial pattern of ApN,O seasonal variability from (b) gap filled observation-based product (Yang et al. 2020) and (c) the COBALTv2-N,O
model over 1981-2020, with their comparison indicated by the bias, root mean squared error (RMSE) and correlation coefficient (r). Stippling indicates
regions of larger uncertainties in seasonal variability (see “Observation-based Data and Model Evaluation” section). (d) Interannual variability in the model
and (e) relative magnitude compared to seasonal variability (in %). The solid black line in panels (b-e) is the boundary of coastal regions as defined in
“Coastal regions” section. (f, g) Area-weighted ApN,O seasonal variability in observation-based product (hollow box, bold) and model (hollow box,
thin), and ApN,O interannual variability in the model (filled box) with data points (dots) in (f) coastal and open oceans and (g) individual coastal
regions. Coastal regions are shown in (a): western tropical Indian Ocean (WTIO, green), western Arabian Sea (WAS, red), eastern Arabian Sea (EAS,
orange), western Bay of Bengal (WBoB, pink), eastern Bay of Bengal (EBoB, purple), and eastern equatorial Indian Ocean (EEIO, blue). Seasonal variability
and IAV are estimated as + 1 standard deviation (20, see “Seasonal and interannual variability” section). Boxplots show median, interquartile range, out-
liers (defined as outside of 1.5 times the interquartile range) and dots indicate regional mean (see Supporting Information Fig. S13 for individual data
points).
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increasing up to 20-fold during La Nifia while declining by an
order of magnitude during El Nifio due to shifts in ocean circula-
tion and N,O production pathways (Babbin et al. 2020; Ji
et al. 2018; Gluschankoff et al. 2023). The accumulated N,O at
deep depths by suppressed upwelling during El Nifio years could
find its way to the atmosphere in the following seasons
(Ji et al. 2019), affecting the seasonality of N,O emissions in the
eastern tropical Pacific. The N,O interannual variability and its
influence on N,O emissions remain poorly constrained, particu-
larly in the northern Indian Ocean (Arya et al. 2024).

The coastal upwelling systems in the northern Indian
Ocean are largely affected by monsoon-driven local winds or
remotely forced coastal Kelvin waves (Vinayachandran
et al. 2021; Pearson et al. 2022; McCreary et al. 1993; Suresh
et al. 2016). Alongshore winds in the western Arabian Sea
(WAS) and western Bay of Bengal (WBoB) favor upwelling
during the summer monsoon and downwelling during the win-
ter monsoon (Schott and McCreary 2001; Vinayachandran
et al. 2021), while the seasonal succession of upwelling/
downwelling Kelvin waves strongly affects the coastal eastern
Bay of Bengal (EBoB) and eastern Arabian Sea (Supporting Infor-
mation Fig. S2a,b; Text S1; Rao et al. 2010; Suresh et al. 2016).
Indian Ocean Dipole modulates this seasonality by influencing
the amplitude of coastal upwelling/downwelling and associated
biogeochemical dynamics through remotely forced coastal Kel-
vin waves (Supporting Information Fig. S2¢,d; Text S1; Pearson
et al. 2022; Aparna et al. 2012; Suresh et al. 2018). Positive IOD
triggers easterly wind anomalies that stimulate upwelling Kelvin
waves in the equatorial Indian Ocean propagating counter-
clockwise along the rim of the Bay of Bengal and excite
downwelling Kelvin waves near the tip of India and Sri Lanka
propagating to the eastern Arabian Sea during summer/autumn
(Rao et al. 2010; Suresh et al. 2018). Negative IOD reverses this
coastal Kelvin wave-induced pattern, favoring downwelling in
the Bay of Bengal and upwelling in the eastern Arabian Sea
(Suresh et al. 2018; Pearson et al. 2022).

These modulations by upwelling/downwelling influence
coastal ocean oxygen concentrations and potentially affect
N2O production, transport and emissions. For instance, down-
welling during positive IOD increases oxygen concentration
and prevents anoxia (Vallivattathillam et al. 2017; Arya
et al. 2024; Pearson et al. 2022), which could potentially
dampen N,O production by denitrification and N,O emissions
in the eastern Arabian Sea. The basin-scale effect of IOD on
N,O emissions is however largely unconstrained. In this study,
we examine the influence of interannual variability introduced
by the IOD on the seasonality of ApN,O (i.e., difference in par-
tial pressure of N,O between the ocean surface and the atmo-
sphere that regulates emissions). We focus on the coastal
ocean, which contributes approximately a third to the N,O
emissions in the northern Indian Ocean, despite covering only
~ 20% of its area (146 + 92 of 426 + 265 Gg N yr ! in the
observation-based product, annual mean =+ seasonal variability,
Yang et al. 2020). To this end, we use a regional ocean model
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of the Indian Ocean based on GFDL MOM6-COBALTv2 with a
mechanistically-based N,O cycling module covering the period
of 1981-2020 (COBALTvV2-N,O, Zhao et al. 2025a). The drivers
of the response to IOD and its impact on N,O emissions are
also discussed.

Materials and methods

Model configuration and simulations

We use a regional ocean model of the Indian Ocean (north
of 30°S) based on the Modular Ocean Model version
6 (MOMBS6) at a resolution of 0.25° with 75 vertical hybrid z*-
isopycnal levels (Adcroft et al. 2019), coupled with a version
of the Carbon, Ocean Biogeochemistry and Lower Trophics
module 2 that incorporates N,O cycling (COBALTv2-N,O,
Stock et al. 2020; Zhao et al. 2025a). The model was run from
1981 to 2020 after a 40-yr spin-up (repeating the forcing of
the year 1981), using the hourly atmospheric forcing and river
discharge from the 5™-generation ECMWF atmospheric
reanalysis (ERAS, Hersbach et al. 2020) and monthly open
boundary conditions from Ocean Reanalysis System 5 (ORASS,
Zuo et al. 2019) for temperature, salinity and tidal forcing. See
details in Zhao et al. (2025a).

COBALTv2-N,O simulates N,O production during nitrifica-
tion (parameterized with an oxygen-dependent yield following
Nevison et al. (2003) and Ji et al. (2018)) and production/
consumption via denitrification (parameterized as a function of
temperature, oxygen, substrate and particulate organic matter
following Bianchi et al. (2023) and McCoy et al. (2023)).
Nitrous oxide air-sea flux and solubility are calculated based on
Wanninkhof (2014) and Weiss and Price (1980). The open
boundary conditions of N,O are set constant based on observed
profiles from MEMENTO database (Kock and Bange 2015). Bio-
logical production by nitrification (N,O™"™) and denitrification
(N,O%"i%) as well as transport across the model open bound-
aries or exchanged across the air-sea interface (NL,O) were
tracked. A comprehensive description of the N,O module and
tracer decomposition is provided in Zhao et al. (2025a).

Observation-based data and model evaluation

We use ocean surface ApN,O monthly climatology from
Yang et al. (2020), and define regions with large uncertainties
where the maximum monthly ensemble spread (standard
deviation) exceeds 75% of the ensemble mean seasonal variabil-
ity. We use satellite-based daily sea-level anomaly from the
Global Ocean Gridded SSALTO/DUACS Sea Surface Height L4
product (https://cds.climate.copernicus.eu/datasets/satellite-sea-
level-global?tab=overview), monthly sea surface temperature
(SST) from the Hadley Centre Global Sea Ice and Sea Surface
Temperature dataset, version 1.1 (https://climatedataguide.ucar.
edu/climate-data/sst-data-hadisst-v11, Rayner et al. 2003), and
the National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation Sea Surface Temperature,
version 2 (https://psl.noaa.gov/data/gridded/data.noaa.oisst.
v2.html, Reynolds et al. 2002), and monthly net primary
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productivity relying on the updated Carbon-based Production
Model algorithm (https://orca.science.oregonstate.edu/index.
php, Westberry et al. 2008). All were re-gridded to a resolution
of 0.25° x 0.25°.

Spatial patterns of physical fields and biogeochemical
dynamics have been comprehensively evaluated in Zhao et al.
(2025a). Figure 1 shows that the model reproduces the
observed patterns of ApN,O seasonal variability (correlation
coefficient r=0.67, Fig. 1b,c; details in “Coastal to open
ocean contrast in ApN,O temporal variability” section). The
model also reproduces the observed variations in the east/west
SST gradient associated with IOD (Supporting Information
Fig. S3), as well as the spatial and seasonal anomalies observed
in response to IOD for sea-level anomaly (r > 0.7 except spring
of negative IOD when r = 0.5) and net primary productivity
(r > ~ 0.3; Supporting Information Figs. S4, S5).

Seasonal and interannual variability

Observational and simulated fields were detrended by
removing the long-term linear trend over the 1981-2020
period. Seasonal variability was computed as + 1 standard
deviation (20) of monthly climatology. Deseasonalized inter-
annual anomalies were computed by subtracting the monthly
climatology followed by a centered 3-month moving average
filter. Interannual variability was computed as + 1 standard
deviation (20) of deseasonalized interannual anomalies.

Indian Ocean Dipole phases were quantified following
Pearson et al. (2022) using an observation-based merged
Dipole Mode Index (Saji et al. 1999) spanning 1958-2020
from Pearson et al. (2022), and two additional Dipole Mode
Index time series using monthly SST datasets from Hadley
Centre Global Sea Ice and Sea Surface Temperature dataset,
version 1.1 for 1870-2023 and NOAA Optimum Interpolation
Sea Surface Temperature, version 2 for 1981-2023. Compos-
ites of IOD positive and negative phases were calculated by
averaging June of each IOD year to May of the following year
and subtracting the climatological mean for the same period.

Coastal regions

Results are shown for the northern Indian Ocean (defined
here as north of 5°S), and coastal regions defined by the outer
limit of ~ 150 km from shore or the 1000 m isobath, which-
ever is farther (Laruelle et al. 2017; Resplandy et al. 2024).
Coastal sub-regions include the western tropical Indian Ocean
(WTIO), WAS and eastern Arabian Sea (EAS, boundary at
64°E), WBoB and EBoB (boundary at 87°E) and eastern equa-
torial Indian Ocean (EEIO, Fig. 1a).

Results and discussion

Coastal to open ocean contrast in ApN,O temporal
variability

Seasonality and interannual variability in ApN,O in the
northern Indian Ocean show a strong coastal to open ocean
contrast. ApN,O seasonality is about three times larger in the
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coastal ocean than in the open ocean in both the observation-
based product and the model (median and interquartile range
of 100 [42-154] vs. 25 [14-52] natm in observation-based
product and 69 [34-149] vs. 15 [11-24] natm in model,
Fig. 1b,c,f). Across coastal regions, seasonality is highest in the
WAS and EAS (median seasonality of ~ 150-200 natm),
followed by the WTIO, WBoB and EBoB (~ 50-70 natm),
while it is lowest in the EEIO (~ 25 natm, Fig. 1g). The model
captures relatively well the magnitude of coastal variability,
but tends to simulate lower seasonality in the EAS and WBoB
(Fig. 1g) where large uncertainties in the observation-based
ApN,0, stemming from sparse in-situ observations, poten-
tially lead to biases in the gap-filled seasonal variability of
the observation-based product (stippled regions in Fig. 1b;
Supporting Information Fig. S6). This low bias could also be
attributable to an underestimation of simulated primary pro-
ductivity and N,O production in the winter monsoon due to
a bias in the vertical supply of nutrients by mixing or fine-
scale eddies in these regions (Zhao et al. 2025a).

The model indicates that ApN,O interannual variability
associated with IOD (the correlation between ApN,O and
Dipole Mode Index is significant with p-value <0.05;
Supporting Information Fig. S7) is also about three times
larger in the coastal ocean than in the open ocean (30 [17-47]
vs. 9 [8-13] natm, Fig. 1d,f). In contrast to the seasonality pat-
tern, interannual variability is high in the EEIO, WAS, EAS,
and EBoB (median of ~ 40 natm) and low in the WBoB and
western tropical Indian Ocean (~ 15 natm, Fig. 1g). Inter-
annual variability represents ~ 60% of seasonal variability
basin-wide (Fig. 1f), but its importance relative to seasonal
variability varies widely depending on the region (inter-
annual-to-seasonal ratio, Fig. 1e). The relative contribution of
interannual variability peaks in the EEIO where interannual
variability exceeds seasonal variability and decreases westward
and northward (Fig. 1le). Specifically, we note that the
interannual-to-seasonal ratio decreases counter-clockwise from
~ 260% in the EEIO, to ~ 50% in the EBoB and WBo0B, and to
20-30% in the coastal regions of the western basin (Fig. 1g),
aligning with the generation of upwelling/downwelling Kel-
vin waves in the equatorial Indian Ocean and their propaga-
tion around the basin in response to IOD phases (Supporting
Information Fig. S2; Han and Webster 2002; Aparna
et al. 2012; Pearson et al. 2022) and the stronger seasonal vari-
ability in the Arabian Sea than the Bay of Bengal (Fig. 1g).

Asymmetric response of ApN,O variability to IOD

Figure 2 shows the asymmetric response of ApN,O to posi-
tive and negative IOD phases in autumn, when IOD peaks,
and the following winter, when IOD still influences ocean
physical and biogeochemical processes (Aparna et al. 2012;
Suresh et al. 2018; Pearson et al. 2022). Positive IOD increases
ApN,O in the east of the basin (e.g., EEIO and EBoB) and
decreases ApN,O in the west of the basin and the southwest
Bay of Bengal, particularly in the EAS (Fig. 2a,c). These
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anomalies tend to propagate counter-clockwise from autumn to
winter (Fig. 2a,c). This is consistent with the propagation of
upwelling Kelvin waves triggered in the equatorial Indian Ocean
that would favor dampened seasonal downwelling and high pri-
mary productivity, as well as the downwelling Kelvin waves gen-
erated near the tip of India and Sri Lanka that would deepen the
thermocline and reduce primary productivity (Supporting Infor-
mation Figs. S2n,0, S4n,0, S5n,0, Rao et al. 2010; Suresh
et al. 2018; Pearson et al. 2022). Negative IOD reverses this pat-
tern, reducing ApN,O in the eastern basin while enhancing it in
the west (Fig. 2b,d). Notably, however, negative IOD is charac-
terized by smaller anomalies by a factor of 2 than positive 10D,
particularly in the EEIO and EBoB (about —20 vs. +55-75
natm). This asymmetric response to positive and negative IOD
is consistent with the amplitude asymmetry of IOD events
(Hong et al. 2008; Nakazato et al. 2021), which modulates the
transport of N,O from the subsurface that controls ApN,O vari-
ability (see “IOD-driven changes in N,O sources of ApN,O”
section).

The asymmetric response to positive and negative IOD in-
fluences ApN,O seasonality, introducing an east-west seesaw

Positive 10D

Indian Ocean Dipole and N0 dynamics

pattern, most evident in the coastal ocean (Fig. 2e,f). In the east,
positive I0D enhances seasonal variability by a factor of S in
the EEIO (459 natm in regional median) and by ~ 90% in the
EBoB (457 natm), while negative IOD dampens it only by ~ 5%
in both regions (about —1 and — 4 natm, respectively, Fig. 3a,b).
In the west, on the other hand, positive IOD reduces seasonality
by ~ 30% in the EAS (—34 natm), while negative IOD increases
it by only 10% (414 natm, Fig. 3c). This asymmetry in ApN,O
response to IOD likely introduces a bias in seasonal reconstruc-
tions based on observations. Indeed, available ApN,O observa-
tions are biased toward positive IOD in the west (Arabian Sea)
and negative IOD in the east (Bay of Bengal; Supporting Infor-
mation Fig. S1b,d). This sampling bias potentially yields an
underestimation of ApN,O seasonality and of the associated
emissions in both the east and the west of the basin.

Indian Ocean Dipole-driven changes in N,O sources
of ApNzO

We further examine the drivers of ApN,O seasonality and
how they are influenced by the IOD asymmetric response. We
focus on three coastal ocean regions with the strongest

Negative 10D
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Fig. 2. The seasonal anomaly of the simulated ApN,O in autumn (a, b) and winter (c, d) and anomalies in seasonal variability (SV, e, f) in positive
Indian Ocean Dipole (IOD) (first column) and negative 10D (second column) phases. Autumn refers to September—October—-November and winter refers
to December-January-February. Stippling in (a, b), (c, d) and (e, f) indicates regions of insignificant autumn, winter, and annual anomaly, respectively,
at the 95% confidence level from a two-tailed Student t-test. Seasonal variability is estimated as + 1 standard deviation (20, see “Seasonal and interannual
variability” section). The black lines indicate the boundary of the coastal and open oceans.
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Fig. 3. Seasonal variability (SV) in ApN,O (a—c) and annual mean emissions (Fn,o0, d-f) of N,O produced by denitrification (NzOde““, dark purple), nitri-
fication (N,O™", blue) and transported from boundaries (N;O, light blue) in the coastal ocean regions of the eastern Arabian Sea (EAS), the eastern
Bay of Bengal (EBoB), and the eastern equatorial Indian Ocean (EEIO) in climatological (Clim), positive IOD (plOD) and negative IOD (nlOD) phases.
Monthly climatological mean (Clim, g-i) and seasonal anomaly (j-0) in ApN,O for N;O%", N,O"" and N,OP¢ in these coastal ocean regions. Seasonal
variability is estimated as &1 standard deviation (20, see “Seasonal and interannual variability” section). Boxplots in (a—c) show median, interquartile
range, outliers (defined as outside of 1.5 times the interquartile range), red dots indicate regional mean and gray dots indicate data points (see
Supporting Information Fig. S14 for individual data points). Error bars in (d—f) indicate & 1 standard deviation of total N,O emissions.

responses of ApN,O variability to IOD, but distinct interannual- the EEIO where interannual variability exceeds seasonality
to-seasonal ratios: the EAS where seasonality exceeds inter- (Figs. 1g, 2). Seasonal and interannual variations in ApN,O are
annual variability, the EBoB where both are comparable, and predominantly controlled by the transport of N,O produced by
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nitrification (N,O™", typically at depths of 40-120 m) or deni-
trification in waters surrounding the oxygen minimum zones
(N,O%" typically at depths of 100-600 m, Fig. 3g-i). In con-
trast, contributions from N,O production at the surface and
from N,O transport across the model open boundaries includ-
ing the air-sea interface (N,O") are minor (Fig. 3g—i; Supporting
Information Figs. S8-S10, refer to Zhao et al. (2025a) for a
detailed pattern of N,O production). ApN,O seasonality is dom-
inated by N,O™" in the EEIO (seasonal increase of ~ 15 natm),
whereas it is controlled roughly equally by N,O%"' and
N,O™%f i the EBoB (~ 30 natm for each) and even dominated
by N,O%"" in the EAS (~ 60 natm, Fig. 3g-i). This difference
is explained by the proximity of EAS and EBoB to the oxygen
minimum zones where N,O%"" is produced and laterally trans-
ported to coastal upwelling regions through subsurface circula-
tion (Zhao et al. 2025a).

Indian Ocean Dipole affects the EEIO ApN,O seasonality
mainly through changes in N,O™", whereas the impact in
the EBoB and EAS is mainly through changes in N,Qdnit
(Fig. 3j-0). The asymmetry between positive and negative
IOD dictates the magnitude and sign of the response, but
not the relative contributions from N,O%" and N,O"f jn
each region. In the EEIO, N,O™"f contributes to nearly 50%
of ApN,O seasonal anomalies during both positive and nega-
tive IOD, while N,O9"t (~ 20%) and N,O¢ (~ 30%) explain
the remaining (Fig. 3j,m). In the EAS and EBoB, N,Od"
accounts for ~ 55% and ~ 40-50% of ApN,O seasonal anom-
alies, respectively, exceeding the contribution of N,QM!if
(~35% and ~ 20-30%, respectively) during both IOD
phases. As a result, ApN,O seasonality shifts from being
dominated by N,O"""f during negative phases to being dom-
inated by N,O%"' during positive phases in the EBoB
(roughly half/half during non-IOD years, Fig. 3k,n), and
from being equally controlled by N,O™"f and N,0O%"* dur-
ing positive IOD to a stronger dominance of N,O%"* during
negative 10D than during non-IOD years in the EAS
(Fig. 3l,0). This shift toward a stronger contribution of
N,0%" produced deeper in the water column during nega-
tive (positive) IOD in the EAS (EBoB) is consistent with the
enhanced coastal upwelling (Supporting Information Fig. S4,
Pearson et al. 2022). Net N,O production in the surface
mixed layer is much smaller than N,O transport into the sur-
face mixed layer (Supporting Information Fig. S8) and the
changes in production are not only smaller by an order of
magnitude than the changes in transport, but vary in the
opposite direction during both IOD phases. Therefore,
changes in N,O production are a minor contribution to
ApN,0O seasonal anomalies (Supporting Information Figs. S9,
$10). Since our model does not include N,O input from riv-
ers and cannot resolve physical and biogeochemical pro-
cesses in estuaries, the impact of IOD-driven changes in river
discharge on ApN,O seasonal anomalies cannot be well con-
strained in this study.

Indian Ocean Dipole and N0 dynamics

Impact on N,O emissions

Indian Ocean Dipole-driven changes in ApN,O seasonal-
ity influence local N,O emissions. Positive 10D enhances
annual N,O emissions, relative to climatological mean,
by ~130% and ~ 35% in the EEIO and EBoB regions
(~10.0 mg N m 2 yr~! for each), but reduces them by ~ 25%
in the EAS (—11.6 mg Nm ?yr~!, Fig. 3d—f). In contrast,
negative 10D reduces N,O emissions by ~ 40% and ~ 10%
in the EEIO and EBoB (3.0 and — 2.4 mg Nm ?yr '), but
increases them by ~ 15% in the FAS (+7.9 mgNm Zyr !,
Fig. 3d-f). These changes in annual emissions are associated
with changes in emission seasonal amplitude, following sea-
sonal anomalies in ApN,O and shifts in N,O sources (see
“IOD-driven changes in N,O sources of ApN,O” section). For
instance, in the EEIO, N,O emission seasonality increases by
about a factor of 3 during positive IOD and decreases by
about two-thirds during negative IOD due mainly to changes
in N,O"" (Fig. 3d). In contrast, in the EAS N,O emission
seasonality weakens (intensifies) by ~ 30% during positive
(negative) IOD due primarily to changes in N,O%"* (Fig. 3f).
We note that IOD-driven changes in winds have a relatively
small influence on N,O emissions, but they decouple the
peak in N,O emission anomalies in early autumn from the
peak in ApN,O anomalies in late autumn/early winter in
the EEIO and EAS (Supporting Information Figs. S9d-f,
S10d-f, S11).

Overall, changes in N,O emissions largely compensate
between western and eastern Indian Ocean regions but the
western anomalies control the sign of change, leading to
less emissions during positive IOD and more emissions during
negative I0OD. As a result, total annual N,O emissions in
the northern Indian Ocean only change by —2.4% + 2.6%
(-8.0+8.5 Gg N yr !, annual mean + seasonal variability)
and 4.1% + 4.4% (13.5+14.3 Gg N yr ') during positive
and negative 10D, respectively. These estimates might be
biased low due to the underestimation of simulated ApN,O
in the western regions where N,O emissions are relatively
high (e.g., the eastern Arabian Sea, see “Coastal to open ocean
contrast in ApN,O temporal variability” section). However,
during strong positive IOD, known to amplify the east-west
contrast of positive IOD (e.g., years of 1994, 1997, and 2019,
Pearson et al. 2022; Wang et al. 2020), eastern anomalies
become much stronger and exceed the western anomaly
(e.g., increasing to ~ 220% in the EEIO and ~ 50% in the
EBoB), shifting the total N,O emission anomalies in the
northern Indian Ocean from negative to positive (11.0 £+ 13.0
Gg N yr; Supporting Information Fig. $12). Total emission
anomalies during strong positive IOD therefore resemble neg-
ative IOD and not other weaker positive I0OD. As the fre-
quency of strong positive IOD is projected to rise in the future
(Cai et al. 2021; Wang et al. 2024), this could lead to a
scenario where all IOD phases contribute to increased N,O
emissions.
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Summary and implications
The main findings of this study are:

e Coastal to open ocean contrast—Seasonal and interannual
variability in ApN,O are three times greater in the coastal
than open Indian Ocean.

e Asymmetric response to IOD—Positive IOD enhances ApN,O
seasonality by a factor 2 to 5 in the east and reduces it by
~ 30% in the west, while negative IOD reverses this pattern
with weaker changes (< 10%).

e Heterogeneous changes in N,O sources—The response of
ApN,O seasonality to IOD arises from the transport of N,O
from the subsurface by nitrification in the EEIO and denitri-
fication in the EAS and EBoB.

e Compensating east-west N,O emissions—Total annual N,O
emissions only change by —2% to 4% during IOD in the
northern Indian Ocean, despite local changes of —40% to
130% in the EEIO.

Potential caveats and future implications include:

e The underestimation of simulated ApN,O in the eastern
Arabian Sea might lead to a low bias in the response of N,O
seasonality to IOD since the western anomalies control the
sign of IOD-driven changes.

e The asymmetric response to IOD suggests an underestima-
tion of reconstructed ApN,O seasonality and associated
emissions based on observations due to the sampling bias.
A balanced coverage of coastal regions (e.g., the Bay of Ben-
gal) across seasons and IOD phases for N,O observations is
thus needed to better constrain N,O emissions.

e Despite being small compared to global ocean N,O emis-
sions, IOD-driven changes in N,O emissions in the north-
ern Indian Ocean are expected to be a hotspot of global
ocean N,O interannual variability.
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