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Scientific Significance Statement

Ocean can greatly mitigate atmospheric CO, growth and associated climate warming by absorbing significant amounts of
anthropogenic carbon. An accurate estimation of ocean carbon uptake is crucial for predicting future climate warming rates.
However, the magnitudes and driving mechanisms of ocean carbon sink interannual variability remain poorly understood
both at the global and basin scales. This study has identified an extraordinary air-sea CO, flux anomaly in the Indian Ocean
during 2015 using multiple ocean CO, partial pressure (pCO,) data and a state-of-the art ocean biogeochemical model. This
extreme carbon flux anomaly, measuring up to 0.1 PgC/yr, has shifted the Indian Ocean from a carbon sink into a slight
carbon source. An improved decomposition method is presented to examine the detailed driving processes of this ocean CO,
anomaly. The results reveal that this extreme variability stems from distinctive processes: the extensive warming and unprece-
dented weakening of Indonesian Throughflow during the co-occurrence of Indian Ocean Dipole and extreme El Nino in 2015.
The examination of this extreme CO, flux anomaly provides an important insight for a complete understanding of ocean
carbon flux interannual variability in the Indian Ocean.

Abstract

In 2015, the Indian Ocean exhibits an exceptionally weakened CO, uptake, highlighting strong interannual
variability of ocean carbon sink. By utilizing multiple ocean CO, partial pressure (pCO,) data and a state-of-the-
art ocean biogeochemical model, we show that the 2015 ocean CO, anomaly is characterized by a basin-wide
amplification of ocean pCO,, differing from ocean pCO, responses to other Indian Ocean Dipole events
(e.g., 1997 and 2019). The distinct ocean pCO, anomaly is attributed to an amplified warming and an
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unprecedented weakening Indonesian Throughflow under the influence of co-occurrence of positive IOD and
extreme El Nifio in 2015. The amplified warming drives higher ocean pCO, in the western and central Indian
Ocean, while the ITF transports anomalously high ocean pCO, water from the Pacific Ocean to the southeast-
ern Indian Ocean. This newly identified ocean carbon response provides deeper insights into the Indian Ocean

carbon interannual variability.

The ocean significantly mitigates atmospheric CO, growth
and associated climate warming by absorbing ~ 39% of fossil
carbon emissions since 1750 (Sabine et al. 2004; Friedlingstein
et al. 2022; Gruber et al. 2023). Given the strong connection
between atmospheric CO, levels and climate warming, accu-
rately estimating ocean carbon uptake is crucial for predicting
future climate warming rates. To enhance the precision of the
ocean carbon uptake estimation, numerous studies have been
conducted to understand the spatial and temporal variability of
ocean carbon sink at global and basin scales (Le Quéré
et al. 2000; Doney et al. 2009; Liao et al. 2020; McKinley
et al. 2020; Chandra et al. 2022).

The air-sea CO, flux in the Indian Ocean (30° N-30°S),
exhibits complex and intense interannual variability owing to
compounded impact of Indian Ocean Dipole (IOD) and El
Nifio-Southern Oscillation (ENSO). However, our understand-
ing of this variability remains limited, introducing notable
uncertainties in accurately estimating the Indian Ocean car-
bon uptake. This CO, flux interannual variability has long
been recognized in the Indian Ocean (Metzl et al. 1998). The
Indian Ocean anomalously releases CO, to the atmosphere in
the positive phase of IOD and takes up more CO; during the
negative IOD on the basin scale (Sarma et al. 2023).

The impact of IOD on the air-sea CO,, flux varies across differ-
ent regions of Indian Ocean (Jabaud-Jan et al. 2004; Sarma 2006;
Kartadikaria et al. 2015; Zhang et al. 2019; Valsala et al. 2020;
Edwing et al. 2024). In the southeastern Indian Ocean, the ocean
CO, partial pressure (pCO,) anomaly is linked to anomalous
upwelling, rainfall, and horizontal transport owing to wind
anomaly driven by IOD (Rixen et al. 2006; Valsala et al. 2020). In
the Arabian Sea, Sarma (2006) proposed that changes in biologi-
cal processes might be responsible for the carbon flux anomaly
during 1997 10D. The southern Indian Ocean pCO, anomaly is
primarily controlled by surface ocean warming/cooling associated
with IOD (Jabaud-Jan et al. 2004; Zhang et al. 2019). ENSO is able
to affect the Indian Ocean physical dynamics and might further
influence carbon flux interannual variability when ENSO occurs
alone or co-occurs with IOD (Guo et al. 2018).

The sensitivity of ocean carbon flux to IOD and ENSO is not
yet comprehensively understood. After 1997-1998 El Nifio, the
2015-2016 is the strongest El Nifio year, exerting significant
influences on the Pacific Ocean and adjacent oceans. The Indian
Ocean (30° N-30° S) witnesses a unique IOD in 2015 with an
extensive sea surface warming anomaly and an extreme weaken-
ing of Indonesian Throughflow (ITF) (Mayer et al. 2018; Zhang
et al. 2018; Xiao et al. 2020; Jiang et al. 2022; Fritz et al. 2023;
Huang et al. 2024; Yang et al. 2024). The ITF is a significant
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ocean current system that acts as a crucial pathway for global
thermohaline circulation, transporting warm, fresh, and low-
carbon water from the Pacific Ocean into the Indian Ocean.
The interbasin exchange of heat, salinity, and carbon affects
climate patterns (e.g., IOD and ENSO) and influences air-sea
CO; flux and carbon balance between ocean basins. The
unique event in 2015 is characterized as a monopole sea sur-
face temperature (SST) anomaly, while the conventional IOD
event, like 1997, exhibits a dipole SST anomaly. This distinct
warming pattern plus an extreme weakening ITF might be
responsible for the anomalous ocean carbon response in 2015.
This work investigates how the distinct physical and biological
changes drive air-sea CO, flux anomaly in the Indian Ocean
underlying the influence of extreme El Nifio and IOD in 2015.

Data and methods

Data and model

The observational pCO, data are too sparse to explore the
interannual variability in the Indian Ocean (Supporting Infor-
mation Fig. S1). To fully depict the variability, we analyze
ocean pCO, and air-sea CO, flux from two reconstructed
products: OS-ETHZ-GRaCER (Gregor and Gruber 2021) and
SOM-FFN (Landschiitzer et al. 2014), both derived from Sur-
face Ocean CO, Atlas (SOCAT) pCO, database (Bakker
et al. 2016). Other datasets and data processing methods are
described in Section S1 of the Supporting Information.

The study employs a global ocean/sea ice model coupled with
a biogeochemical module from the Geophysical Fluid Dynamics
Laboratory. The model includes modular ocean model version
6 (MOMS6), sea ice simulator version 2, carbon ocean biogeo-
chemistry, and lower trophics version 2 (COBALT v2), which is
collectively referred to as MOM6-COBALT2 (Adcroft et al. 2019;
Stock et al. 2020). The model performance is thoroughly
assessed and it reproduces well-observed physical and biogeo-
chemical features in the Indian Ocean, including both climato-
logical mean state and interannual variability (Supporting
Information Figs. S1-S8; Data S1). More detailed model evalua-
tions and model configurations including spin-up, atmospheric
forcing, and initial conditions, are referred to Section S2 of the
Supporting Information and Liao et al. (2020).

Methods of examining changes in CO; flux and ocean
pCO, anomalies

The variation in ocean pCO, is linked to changes in dis-
solved inorganic carbon (DIC), alkalinity (Alk), temperature
(T), and salinity (S) through the following linear decomposi-
tion equation (Takahashi et al. 1993; Le Quéré et al. 2000).
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where pCO,,, denotes the ocean pCO,. The four tracers are
grouped into thermal (pCO,-T) and nonthermal (pCO,-
NONT) components in Eq. (1). The driving processes of ther-
mal and nonthermal components are shown in Egs. (2) and
(3), respectively.
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where subscript THcj, denotes the contribution from temper-
ature horizontal transport (advection and diffusivity in the
meridional and zonal directions), TV, denotes the contribu-
tion from temperature vertical transport (vertical advection
and diffusivity), and Tg,x denotes the effect of surface
heat flux.
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As shown in Eq. (3), the time tendency of ocean pCO, non-
thermal component (pCO,-NONT tendency) is controlled by
five terms: horizontal and vertical transport terms (Hcj and
Vcire), the dilution/concentration effect (FW), the biological
effect (Bio), and the influence of the air-sea CO, flux on
pCO,y (flux response). The detailed derivations of Egs. (2) and
(3) refer to Section S4.

Results

Extreme ocean carbon flux anomaly in 2015-2016

The Indian Ocean takes up atmospheric CO, (0.4-1 mol/
m?/yr) south of 15°S, while releasing carbon in the north,
including the Arabian Sea and western Bay of Bengal
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(0.2-1 mol/m?/yr) in the climatological mean status according
to the two data products (Fig. 1). The balancing effect between
southern and northern Indian Ocean makes the ocean basin a
weak carbon sink (~0.1 PgC/yr, Supporting Information
Fig. S9), consistent with synthesis result from Sarma et al.
(2023). In 2015, anomalous CO, outgassing occurs across most
of the Indian Ocean, including Arabian Sea (0.2-0.3 mol/m?/
y1), Bay of Bengal (0.1 mol/m?/yr), southeastern Indian Ocean
(0.3 molC/m?/yr). The model captures this anomalous magni-
tude, but overestimates it in the Oman/Somali upwelling
region. The significant CO, outgassing in the southeastern
Indian Ocean coincides with a weakening of the ITF and South
Equatorial Current, as shown in Fig. 1f.

As shown in Fig. 2a,b, the air-sea CO, flux anomaly inte-
grated in the Indian Ocean varies from —0.1 to 0.1 PgC/yr
between 1982 and 2020 according to the two data products
(Landschiitzer et al. 2014; Gregor and Gruber 2021). The
model demonstrates good agreement with the observed
timing and magnitude of carbon flux interannual variability.
The air-sea CO; flux anomaly shows relatively weak variations
during the first half of 2015 (Fig. 2a), and then exhibits a sig-
nificant increase from near zero to 0.1 PgC/yr during the sec-
ond half of the year. After peaking in January 2016, the CO,
flux gradually declines until July 2016 (Fig. 2a).

Most flux anomalies vary consistently with both 10D and
Nifio3.4 index (Fig. 2; Supporting Information Fig. S2). The
CO, flux anomalies have a stronger response to the IOD
(v =0.037x, »=0.43) than the Nifio3.4 (v =0.019x,
* = 0.44, Supporting Information Fig. $2), suggesting that the
IOD is the primary driving factor and the ENSO is an addi-
tional factor. However, the anomalous CO, flux in 2015 does
not align well with the IOD strength (Fig. 2a, Supporting
Information Fig. S2). The flux anomaly in 2015 is almost the
maximum (0.1 PgC/yr) in the past 4 decades, while the IOD
strength is only moderate (Fig. 2, Supporting Information
Fig. S2). The extreme El Nifio in 2015 might exert an addi-
tional influence on the extraordinary Indian Ocean CO, flux
under the co-occurrence of IOD and El Nifio.

The CO, flux anomaly in the Indian Ocean is primarily
controlled by ocean pCO, variability (Fig. 2, Supporting Infor-
mation Fig. S10, Section S3), which agrees with previous stud-
ies (Sarma 2006; Valsala and Maksyutov 2013; Valsala
et al. 2021). The ocean pCO, anomaly exhibits consistent vari-
ation with CO; flux anomaly (Fig. 2¢,d) in 2015. The ocean
pCO; also peaks around 1998, 2010, and 2019, which aligns
with the IOD and Nifio3.4 index. This suggests that both the
IOD and ENSO have a considerable influence on the ocean
pCO, (Sarma 2006). Note that the Indian Ocean pCO, in
1991 did not show significant relation to the Pinatubo event,
suggesting the complex role of the climate system in the
regional ocean carbon cycle, which can lead to varied inter-
pretations (McKinley et al. 2020; DeVries 2022).

The change in ocean pCO; is separated into two compo-
nents: the pCO,-T and pCO,-NONT, according to Eq. (1).
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Fig. 1. Air-sea CO, flux map of climatological annual mean (a—c) and 2015 interannual anomaly (d-f) between data products and MOM6-COBALT.
A positive flux denotes an outgassing from the ocean to atmosphere. In panel (a), AS, BoB, SEIO denote Arabian Sea, Bay of Bengal, and southeastern
Indian Ocean respectively. Sumatra, Java, SS, LS, and TS represent Sumatra island, Java island, Lombok Strait, Sunda Strait, and Timor Sea respectively.
Arrows in panel (c and d) depict the ocean circulation of climatological annual mean and interannual anomaly for 2015, derived from MOM6-COBALT.
Data products are from MPI SOM-FFN and OS-ETHZ-GRaCER. The interannual anomaly is averaged between August 2015 and July 2016.

During 2015-2016, the pCO,-T explains 91.5% of the variance
in ocean pCO, (Fig. 2d). At the peak point of ocean pCO,
anomaly around January 2016, the ocean pCO,-T reaches as
high as 9 patm, while the pCO,-NONT compensates for the
SST effect with a magnitude of —3 patm. As a result, the weak-
ened ocean carbon flux is largely attributed to the high SST
anomaly in 2015-2016 in the Indian Ocean. The detailed
roles of pCO,-T and pCO,-NONT in different regions will be
examined in the following section.

Two regions controlled by different mechanisms

From August 2015 to January 2016, an increasing ocean
pCO; anomaly (positive, 5-15 patm) is found in most of the
Indian Ocean (Fig. 3a), except for the central Indian Ocean
(70° E-80° E) and central Bay of Bengal. As a comparison, the
high ocean pCO, anomaly (10-20 patm) only appears in
the eastern Indian Ocean, while the western Indian Ocean
exhibits a negative ocean pCO, anomaly during a composited
IOD between 1997 and 2019 (Fig. 3d). As the SST anomaly
and other physical forcing (wind, upwelling, precipitation)
show a conventional response to the IOD in 1997 and 2019
(Aparna et al. 2012; Guo et al. 2015), we consider these two
events as conventional IOD and the ocean pCO, anomaly in
1997 and 2019 as representative of a typical pattern owing to
a positive IOD.

445

Note that a well-known conventional ocean pCO, pattern
driven by 10D is not extensively defined in the literature
owing to data scarcity. Valsala et al. (2020) showed a model-
based ocean pCO, response similar to the findings in the
composited 10D between 1997 and 2019, which confirms
the definition of typical ocean pCO, pattern in this study.
Additionally, we examined the ocean pCO, responses to IOD
and El Niflo co-occurrence (pure positive IOD, pure El Nifio,
and combined positive IOD and El Nifio, Supporting Informa-
tion Fig. S11). The examination indicates two groups of ocean
pCO, pattern similar to Fig. 3a,d (see details in Supporting
Information Section S5). This further supports a definition of
conventional ocean pCO, pattern with a positive and negative
ocean pCO, anomaly in the eastern and western Indian
Ocean, respectively (Fig. 3d).

The comparison highlights that the distinct feature of 2015
is the widespread elevated ocean pCO, on a basin scale. In the
southeastern Indian Ocean, the positive ocean pCO, anomaly
in 2015 extends along Java Island (90-120° E, 5-20° S) within
a range of 6-18 patm. In contrast, during a conventional 10D,
the elevated ocean pCO, is located further north along Suma-
tra Island (90-110° E, 5° N-8°S). In the Bay of Bengal, the
ocean pCO; has a similar response to both the 2015 IOD and
conventional IOD. The high ocean pCO, anomaly in the
western Bay of Bengal during 2015 is consistent with the
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CO?2 flux anomaly comparison in 2014-2017
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Fig. 2. Time series of air-sea CO flux interannual anomaly in 2014-2017 (a) and 1982-2020 (b), decompositions of simulated air-sea CO, flux anom-

aly (c), and decomposition of simulated

ocean pCO, anomaly (d). A positive flux denotes an anomalous outgassing from the ocean to atmosphere. The

air-sea CO; flux and ocean pCO, anomalies are all integrated or averaged in the Indian Ocean. The decompositions of CO; flux and ocean pCO, anoma-
lies are based on Eq. (S5) and Eq. (1), respectively. The yellow shading color highlights the specific period of interest (2015-2016) when the focused IOD

occurs.

findings from earlier studies (Sarma et al. 2015; Shanthi
et al. 2022).

In the northern Arabian Sea, the ocean pCO, increases dra-
matically (5-15 patm) in the 2015 10D, compared with a more
modest increase (2-8 patm) in the conventional IOD like 1997
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and 2019 (Sarma 2006). In the southern Arabian Sea and west-
ern equatorial Indian Ocean, the ocean pCO, anomaly is posi-
tive during 2015, which is significantly different from the
pattern in the conventional IOD. The ocean pCO, response to
the conventional IOD in the northern Arabian Sea shows a
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Fig. 3. Ocean pCO, anomaly and its two components: pCO,-T and pCO,-NONT during 2015 (a-c) and for composite mean in 1997 and 2019 (d,e).

The values are averaged from August to the following January for each IOD event. The ocean pCO, anomaly is decomposed into two components:
pCO,-T and pCO,-NONT according to Eq. (1). The black box indicates the pCO,-NONT region, while the left region is defined as pCO,-T region.

consistency with Sarma (2006), but a marginal discrepancy in net effect of these three processes increases the pCO, ten-
the southern Arabian Sea. The marginal discrepancy might be dency by 0.3 patm/month in the pCO,-T region (western and
attributed to the factor that Sarma (2006) focused solely on central Indian Ocean).
the 1997 event, whereas this study presents a composite anal- The ocean pCO,-T budget analysis aligns with previous
ysis of events between 1997 and 2019. studies related to the SST budget analysis during the positive
The majority of positive ocean pCO, is contributed by the IOD (Du et al. 2013). The Indian Ocean surface warming is
pCO,-T component in most parts of the Indian Ocean largely contributed by heat flux in most of the Indian Ocean
(Fig. 3b) and the pCO,-NONT only contributes to the positive (e.g., Arabian Sea) and vertical transport in the western equa-
ocean pCO, in the southeastern Indian Ocean (Fig. 3c). To torial Indian Ocean (Supporting Information Figs. S12, S13).
better illustrate the dynamics, the Indian Ocean is divided The heat flux warms the surface ocean through the wind-
into two subregions: pCO,-T region (the region outside of the evaporation-SST (WES) feedback. Under the combined influ-
black box in Fig. 3) and pCO,-NONT region (within the black ence of IOD and El Nifio, a cyclonic wind anomaly occurs in
box in Fig. 3), depending on their contribution to positive the western and central Indian Ocean in 2015, which weakens
ocean pCO, anomaly. The pCO,-T region accounts for ~ 80% the South Asian summer monsoon and surface evaporation
of the CO, flux anomaly, while the pCO,-NONT region con- (Zhang et al. 2018; Jiang et al. 2022).

tributes to the remaining 20% of the CO, flux anomaly. . .
The southeastern Indian Ocean pCO; anomaly driven

The west and central Indian Ocean pCO, anomaly driven by horizontal transport and rainfall
by heat flux In the pCO,-NONT region, the temporal variability of
In the pCO,-T region, the ocean pCO, increases slowly in ocean pCO, exhibits a resemblance to the pCO,-T region,
January-July 2015 and experiences rapid growth between characterized by a slight rate of change during the first half of
August 2015 and January 2016 (Fig. 4a). As shown in the time 2015 and a notably accelerated rate during the second half
series of budget terms, the fast-growing ocean pCO, is largely of the year (Fig. 4a). The fast-growing ocean pCO,-NONT is
forced by surface heat flux (Heat flux) between August 2015 primarily attributed to the horizontal transport term (Hcirc,
and January 2016 (Fig. 4b,d). The heat flux term contributes Fig. 4e). Although the vertical transport term (V) manages
to a positive pCO,-T tendency of 1.0 yatm/month. The hori- to counterbalance the horizontal transport term (Hg,) in the
zontal (Hg) and vertical (V) transport terms offset the heat summer of 2015 (August and September), it quickly dimin-
flux term by —0.1 and —0.6 patm/month, respectively. The ishes afterward. Consequently, the horizontal transport term
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Fig. 4. Mechanisms controlling the pCO,-T and pCO,-NONT in the two subregions. (a) time series of ocean pCO, anomaly in the pCO,-T and pCO,-
NONT regions. Time series of pCO,-T (b) and pCO,-NONT (c) budget averaged in the pCO,-T and pCO,-NONT regions respectively. Bar plot of pCO,-T
(d) and pCO,-NONT (e) budget averaged in August 2015 and January 2016 in the two subregions. The subregion definition refers to Fig. 3. Yellow shad-
ing color in b and c highlights the period from August 2015 to January 2016 when ocean pCO, rapidly increases.

emerges as the dominant factor during the focus period
(August 2015 to January 2016). Rainfall also exerts a signifi-
cant influence in driving the positive ocean pCO, tendency,
which aligns with the finding initially identified and quanti-
fied by Valsala et al. (2020). Other terms (Hc, CO, flux, and
Bio) partially offset the horizontal transport and rainfall terms
(Supporting Information Fig. S14). Note that the chlorophyll
interannual variability in this region (0.02 mg/m?) is relatively
minor compared with the Arabian Sea (—0.2 mg/m?®) and Bay
of Bengal (—0.15 mg/m®) between August 2015 and January
2016 (Supporting Information Fig. S15), which is consistent
with Currie et al. (2013). This modest variability confirms the
weak influence of biological process in the pCO,-NONT
region.

Budget analysis indicates the elevated ocean pCO, anomaly
is primarily driven by horizontal transport in the southeastern
Indian Ocean. As horizontal transport alone cannot induce a
high ocean pCO, without external sources, a source of water
with high ocean pCO, should be identified. Figure 3c,
Supporting Information Fig. S12 illustrate a pronounced gradi-
ent of pCO,-NONT, DIC, Alk, and SSS decreasing from the ITF
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strait (e.g., Lombok Strait, Sunda Strait, and Timor Sea) towards
the Indian Ocean. This decreasing gradient suggests the ITF cur-
rents move high pCO,, DIC, ALK, and SSS from the ITF strait to
the southeastern Indian Ocean, aligning with pathways reported
in earlier studies (Valsala and Maksyutov 2010; Valsala
et al. 2010). This confirms the water source of high ocean pCO,
originates from ITF region, which is probably related to the
Pacific Ocean warm pool, driven by the extreme El Nifio 2015.
The high ocean pCO, anomaly in 2015 coincides well with the
extreme ITF volume transport (Supporting Information
Figs. S16, S17) which suggests an important role of ITF in the
ocean carbon cycle in the southeastern Indian Ocean (Fritz
et al. 2023). A further investigation reveals that the anomalous
horizontal transport term is largely driven by ocean pCO, anom-
aly rather than the volume transport anomaly (Supporting
Information Fig. S18).

Discussion and summary

A conventional 10D is characterized by a dipole anomaly,
involving SST, wind, upwelling, and rainfall contrasts between
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the western and eastern Indian Ocean (Saji et al. 1999). The
IOD in 2015 is distinct, with amplified warming in the west
and central Indian Ocean (Supporting Information Fig. S12a),
weakened cooling in the eastern Indian Ocean (Jiang
et al. 2022), and unprecedented weakening ITF in the south-
eastern Indian Ocean. These unique processes are closely
related to the co-occurrence of IOD and extraordinary El Nifio
in 2015 (Zhang et al. 2018; Jiang et al. 2022).

Owing to the unique dynamic processes, CO, flux in 2015
exhibits a unique response with an extremely weakened (posi-
tive) flux anomaly (Fig. 1). This CO; flux anomaly is governed
by the increasing ocean pCO,, which comprises two compo-
nents: pCO,-T and pCO,-NONT (Fig. 2). Depending on their
contributions to the positive ocean pCO,, the Indian Ocean is
separated into two subregions: pCO,-T region dominated by
pCO,-T in the west and central Indian Ocean and the pCO,-
NONT region dominated by pCO,-NONT in the southeastern
Indian Ocean (Fig. 3). The amplified warming expands the
pCO,-T area, which significantly increases the positive ocean
pCO, anomaly in the pCO,-T region (Fig. 4). In the southeast-
ern Indian Ocean, the pCO,-NONT is driven by the ITF
instead of upwelling under the influence of co-occurrence of
IOD and extraordinary El Nifio in 2015. The ocean pCO, gra-
dient further confirms that the ITF currents move high pCO,,
DIC, ALK, and SSS from the ITF strait to the southeastern
Indian Ocean (Fig. 4; Supporting Information Fig. S12). This is
consistent with previous work that examined the effect of ITF
on the distribution of salinity anomaly (Zhang et al. 2016;
Kido and Tozuka 2017).

This study has identified a unique ocean carbon response
to the extraordinary processes in 2015 IOD. Owing to the
complex variability of IOD and its intricate interaction with
El Nifio, numerous uncertainties still exist in a complete
understanding of air-sea CO, flux interannual variability in
the Indian Ocean. The model captures a considerable extent
of the ocean carbon interannual variability; yet, it exhibits
biases stemming from the absence of interannual variability
in river discharge and atmospheric deposition. There remains
potential to further reduce these simulation biases through
the ongoing advancements in terrestrial and atmospheric
modeling, along with accumulation of observational data on
river discharge and atmospheric deposition. As the positive
IOD event keeps occurring (e.g., 2024) underlying climate
warming, more direct observation data (cruises, BGC-Argo
floats, and RAMA stations) are needed to accurately estimate
CO, flux in the Arabian Sea, Somali coast, southeastern
Indian Ocean, west and east equatorial Indian Ocean. Fur-
thermore, conducting numerical experiments, such as scenar-
ios with the ITF channel being either closed or open are
necessary to quantify the role of ITF in the ocean carbon var-
iability. Therefore, further studies are necessary for a compre-
hensive understanding of ocean carbon variability in the
Indian Ocean between different combinations of IOD and
El Nifio.
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