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Abstract:

The Arabian Sea hosts one of the most intense, perennial Oxygen Minimum
Zones (OMZ) in the world ocean. Observations along a meridional transect at
68°E extending from 8 to 21°N showed large seasonal as well as interannual
changes in the dissolved oxygen and nitrite concentrations. Unlike previous
studies that used observations from the periphery of the OMZ, our observations
are from its core and also allow us demarcating the southern extent of the OMZ.
The southern boundary of the OMZ extended up to ~9°N during the southwest
monsoon but was restricted to ~11°N during the northeast monsoon. While
previous studies report ventilation from the oxygenated Indian Central Water
(ICW) at intermediate depths of the OMZ, none have so far discussed how this
ventilation takes place or its variability. Our observations reveal intrusion of the
ICW at intermediate depths (200-500 m) into the OMZ up to 16°N, in contrast to
11°N reported in earlier studies. The oxygen variations at the southern boundary
of the OMZ are coherent with those in the sea level, associated with the westward
propagating Rossby waves radiated off the west coast of India. Besides
modulating the oxygen distribution in the surface layer and the upper boundary of
the OMZ through upwelling or downwelling, these Rossby waves can potentially
influence the oxygen at intermediate depths by controlling the isopycnal mixing of
the ICW within the OMZ, leading to variations in oxygen and nitrogen
concentrations. Further investigations are needed to better understand the
potential influence of these Rossby waves on the OMZ variability and the

associated nitrogen cycling.
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1. Introduction

Oxygen is one of the essential elements for the sustenance of life on Earth. The
distribution of dissolved oxygen (DO) in the ocean vary spatially, with zones of low
oxygen waters centered around the tropics (Stramma et al., 2008). The northern
Indian Ocean (10), which comprises of the Arabian Sea (AS) and the Bay of
Bengal, is one of the major sites in the world oceans with near zero oxygen
concentrations at its intermediate depths. The Bay of Bengal is traditionally known
to be non-denitrifying (Rao et al., 1994). However, a recent study by Bristow et al.
(2016) indicates that it may be at a tipping point and an increase in its productivity
due to anthropogenic fluxes may result in a net nitrogen loss. On the other hand,
the AS, which houses one of the world’s most intense Oxygen Minimum Zones
(OMZ; Nagvi et al., 2006), is a strong denitrifying basin that contributes to one-
third of the global nitrogen loss to the atmosphere (Bange et al., 2001, 2005;
Devol et al. 2006; Naqvi et al. 2006; Ward et al., 2008, 2009; Jayakumar et al.,
2009; Paulmeir and Ruiz-Pino, 2009; Jensen et al., 2011; Lam et al., 2011). The
AS OMZ (ASOMZ; Figure 1) extends meridionally between 60 and 75°E, zonally
between 10 and 25°N (Nagvi, 1991), and vertically between 150 and 1200-m
depths (Naqvi, 1991; Naqvi et al., 1994, 1998), with an upward tapering towards
the south (Sen Gupta and Naqvi, 1984; Nagvi, 1987; de Souza et al., 1996). One
of the intriguing aspects of the ASOMZ is that it is located away from the high
productive western boundary upwelling (Somalia and Oman) regions unlike the
OMZ’s of the Pacific and the Atlantic that are co-located with the highly productive
eastern boundary upwelling systems (Naqvi, 1991). Though several theories have
been put forth to explain this northeastward shift of the ASOMZ, till date there is
no tangible answer to this anomaly (McCreary et al., 2013 and references therein;
Acharya and Panigrahi, 2016).

The concentration of DO in the surface waters results from a complex balance
between the oxygen produced via primary production, loss via respiration,
ventilation through atmospheric exchange and advection by currents. On the other
hand, there is no primary production in the subsurface waters, and the DO is

generally consumed by heterotrophic processes. In the case of the ASOMZ, the
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DO concentration generally reflects the balance between the supply via circulation
and the loss via remineralization and respiration, except for its upper boundary.
The oxygenated surface waters acts to enhance the DO supply to the upper
boundary of the ASOMZ through wind stirring or convective mixing (Morrison et
al., 1998). The major supply of oxygen to the northern 10 is from the southern
hemisphere, where the oxygenated surface waters sink down to intermediate
layers and travel northward laterally along the thermohaline gradient and gradually
upwell in the AS and in the Bay of Bengal (Wyrtki, 1971). Prime among these are
the Antarctic waters, which are known to ventilate the deeper layers of the AS
thereby limiting the vertical extent of the ASOMZ (Warren 1981). The ASOMZ also
receives DO from the following lateral sources, namely the Persian Gulf water
(PGW) mass, which intrudes from the northwest at depths of 200 — 300 m (Wyrtki,
1971; Shetye et al., 1994; Bower et al., 2000, Prasad et al., 2001) and the Red
Sea water (RSW) mass, which is observed at depths between 600 and 800 m
(Beal et al., 2000; Sofianos and Johns, 2002; Bower et al., 2005). In addition to
these water masses, there is also the Sub-Antarctic mode water (SAMW) that has
been reported in the southern sector of the AS (lvanenkov and Gubin, 1960;
Rochford, 1966; Warren, 1981; Sen Gupta and Naqvi, 1984; Naqvi et al., 1993;
Ramesh et al 2013). This parcel of low salinity water gets advected from the
central 10 basin at depths of 200-500 m carrying oxygen with concentrations of
150-220 uM (Ramesh et al., 2013). As it migrates northward, this parcel loses DO
but contains a relatively higher concentration of DO when it reaches the southern
boundary of the ASOMZ. In an earlier report, Nagvi et al. (1993) had shown that
the SAMW dissipates as it enters the southern section (10 — 11°N), losing its
oxygen between 200 and 400 m. Using data spanning the two major monsoons,
You (1997) described various water masses in the |10 and identified the oxygen-
rich Indian Central water (ICW) as a major mode for supply of oxygen to the
northern 10, but limited its influence to 6°N. On the other hand, Lachkar et al.
(2019) describes the ICW as a mixture of the SAMW, Antarctic intermediate
waters and the Indonesian intermediate waters, which are advected into the AS
via the Somali current. While the above studies refer to the ICW and the SAMW
ventilating the ASOMZ, none of them have so far demonstrated how these water

masses traverse or mix in the AS.



While the ASOMZ is perennial in nature, previous studies have reported seasonal
and interannual variations of DO and nitrite within the OMZ (Naqvi et al., 1990, de
Souza et al., 1996, Morrison et al., 1999; Banse et al., 2014). Nagvi et al. (1990)
and de Souza et al. (1996) observed severe low oxygen conditions with higher
nitrate deficits during the northeast monsoon (NEM). However, Morrison et al.,
(1999) did not find any major changes in the degree of suboxia in the OMZ within
the seasons of 1995. Rixen et al. (2014) found strong seasonal and interannual
changes in the ASOMZ from the observations carried out under Joint Global
Ocean Flux Study (JGOFS) of 1995 and RV Meteor cruise of 2007. These
observations, restricted to the north of 15°N, indicated that the ASOMZ retreated
eastward during the southwest monsoon (SWM) and expanded westward during
the NEM. They attributed these seasonal changes to the variations in the flow of
the oxygen-enriched ICW into the OMZ. Banse et al. (2014) used more than four
decades of DO measurements from the ASOMZ and reported marked seasonality,
with elevated DO levels during the NEM and spring monsoon as compared to the
SWM. They also observed a significant decline in the DO levels between 12 and
20°N, but an increasing trend ~21°N from the 4-decade long measurements.
Given this scenario and the recent reports on decreasing levels of DO and
expansion of OMZs worldwide (Stramma et al., 2008; Keeling et al., 2010; Bopp et
al., 2013; Lachkar et al., 2016; Breitburg et al., 2018), the studies on DO variation
in the ASOMZ gain further importance. The present paper aims to describe the
seasonal and interannual variations of DO and nitrite from the observations carried
out along a north-south transect passing through the core of the ASOMZ, unlike
earlier studies that used observations from its periphery. We use both physical
and chemical measurements to understand how the ICW supplies oxygen to the
ASOMZ and possibly influences the nitrogen cycling. In contrast to Rixen et al.
(2014), who focused on the western boundary, this study focuses on the southern
boundary of the ASOMZ, particularly how the inflow of ICW modulates its southern

extent.

Finally, we propose a possible physical control on the inflow of ICW into the
ASOMZ. Previous studies (e.g., McCreary et al., 1993; Shankar and Shetye,
1997) suggested that the coastal Kelvin waves along the western Indian

continental shelf radiate away Rossby waves. These Rosshy waves propagate
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westward into the open AS. In recent studies, Suresh et al. (2016; 2018)
demonstrated with a linear ocean model that these westward propagating Rossby
waves have an important contribution to the sea level variability in the eastern AS
(westward up to 65°E) that encompasses our study region. We will discuss the
possible role of these Rossby waves in modulating the flow of ICW and thus the
DO variability within the ASOMZ.

The paper is organized as follows. Section 2 describes the observations used in
this study and the methodology. Section 3 presents the results of this study with a
discussion. More specifically, besides describing the seasonal and interannual
variations in the DO and nitrite, this section discusses the intrusion of ICW in to

the OMZ. Section 4 summarizes the conclusions of this study.

2. Materials and methods

The data presented in this study were collected under two major scientific
programs of the Council of Scientific and Industrial Research—National Institute of
Oceanography (CSIR-NIO), namely, Sustained Indian ocean Biogeochemistry and
Ecosystem Research (SIBER) - India project, and the INDlan Aquatic
ecoSystems - Impact of Deoxygenation, Eutrophication and Acidification
(INDIAS_IDEA) project using CSIR-NIO’s two Research Vessels - RV Sindhu
Sankalp (SSK) and RV Sindhu Sadhana (SSD). A transect (Figure 1) along 68°E
was sampled during the SWM of 2014 (SSK069; 26" September — 8" October)
and 2016 (SSD026; 24" September — 2" October), and the NEM of 2017
(SSD033; 5 — 14™ February). During SSK069, sampling was carried out at
alternate stations between 9 and 21°N, whereas during SSD026 and SSD033,
sampling was carried out at 1° interval between 8 and 21°N. The temperature and
salinity measurements were obtained using a Seabird CTD fitted with a rosette.
Nitrite samples were collected in high density plastic bottles after thorough rinsing

and were analysed onboard using a Skalar autoanalyser.

DO samples were collected in ground glass stoppered bottles, by overflowing

seawater three times the bottle volume to minimise any atmospheric
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contamination. The DO samples were fixed and analysed following the Carpenter
modification of the Winkler method (Carpenter, 1965). The titration was automated
using ODF PC software compiled in LabView, in which the end point is UVC
detected photometrically at 365 nm. This methodology gave a precision of 0.1 pM
with an accuracy of better than 1%. The detection limit of this automated method
(3 pM) is better than the manual titration method (4 uM). We also obtained 1 m
DO data from the CTD. While the calibration between CTD DO and automated DO
using ODF PC showed a good correlation over the general range up to 210 pM,
the lower range calibration was not that good as the CTD DO had a detection limit
of only 5 uM. While the high resolution CTD DO data was good enough to
delineate the outer boundaries, it was not useful to see the changes within the
OMZ (please see supplementary figure). Thus we have used bottle data to
generate the DO profiles. In this paper, we have used DO concentration of 5 uyM to
define the boundary of the suboxic layer (or OMZ), as denitrification sets at DO
concentrations of < 5 uM (Morrison et al., 1999; Qasim and Naqvi, 1987, Lam et
al., 2011).

Sea level is a good indicator of the internal ocean dynamics. To investigate the
possible influence of Rossby waves on our study region, we analyzed the sea
level from the AVISO (Archiving, Validation, and Interpretation of Satellite
Oceanographic) merged multi-satellite delayed mode weekly product
(www.aviso.oceanobs.com/fr/accueil/index.html). We used sea level anomalies

(SLA) obtained by removing the long-term linear trend.

3. Results and discussion

3.1. Seasonal and inter-annual variation of Dissolved oxygen and nitrite

Figure 2 shows the oxygen distribution in the upper 1000-m water column along
the 68°E meridional transect during the three cruises. The DO concentrations in
this layer varied between undetectable levels and 207 uM. In the upper (=50 m)
layer, the oxygen concentrations were generally above 180 uM. The oxycline was,

in general, around 150-m depth, below which the oxygen concentration was less
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than 45 pM. The DO distribution in the top 150-m layer during the NEM was
strikingly different compared to that in the SWMs of 2014 and 2016, with clear
signatures of oxycline deepening (up to 180 m) between 19 and 21°N, which could
probably be resulting from the convective mixing during winter in the northern AS
(de Souza et al., 1996). During the SWM of 2014, the southern boundary of the
OMZ was observed at ~9°N around 200-m depth. The OMZ then gradually
expanded northward to 1000 m at 18°N. In contrast, the shape of the OMZ was
different during the SWM of 2016. While the southern boundary was located
~10°N at ~200 m, the tapering shape of the OMZ between 11 and 14°N had
changed compared to that in 2014. Trace concentration of DO (~5 pM) was
observed to intrude between 400 and 600 m northward of 12°'N up to 16'N. A cell
of DO concentration (< 5 uM) around 250 m was observed at 17°N in 2016. During
the NEM of 2017, the southern limit of the ASOMZ was observed at ~11°N around
200-m depth, but this suboxic layer was thinner compared to 2014 and 2016. As in
the case of SWM of 2016 traces of DO (~5 pM) was observed to intrude between
250 and 600 m from 12 to 15'N.

The concentration of DO impacts nitrogen cycling in which nitrate is reduced to
nitrite when oxygen level falls below a certain threshold value (Naqvi et al., 1992;
Codispoti et al., 2001). The secondary nitrite observed in the ASOMZ is primarily
attributed to nitrate reduction and to a lesser degree to ammonium oxidation in the
upper OMZ (Lam et al.,, 2011). The nitrite concentrations (Figure 3), in general,
varied between 0.01 and 3.7 uM during the three cruises. The maximum nitrite
concentration observed in the OMZ was 3.7 uM in SWM 2014, 3.3 pM in SWM
2016 and 2.7 uM in NEM 2017. In concurrence with the variations of DO (Figure
2), the zone of secondary nitrite maximum (SNM) also expanded towards the
north. During the SWM of 2014, it was observed between 100 and 300 m near
11°N, and between 200 and 600 m at 21°N. The shape of the SNM zone during
the SWM of 2016 was broadly similar to that in 2014, but with a breakup observed
at the southern end, where an isolated cell of nitrite (0.5 - 1 uM) was observed at
11°N. Also, the high nitrite concentration of ~3.7 uM observed at 17°N during 2014
reduced to ~2.1 pM in 2016. Despite these differences in the thickness and the
southern extent between 2014 and 2016, the zones of nitrite, in general, were

nearly similar, with a single continuous cell (comprising of two or more individual
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cells) of SNM extending from the south to the north. On the other hand, the SNM
zone during the NEM 2017 was not continuous and was split into several cells with
the southernmost cell observed at 200 m (12°N) and the northernmost cell around
18-19°N within 600-700 m. Thus, the nitrite distributions, in conjunction with the

DO concentrations, exhibited seasonal and inter-annual variations.

While our measurements agree well with those of de Souza et al. (1996) for the
NEM, our observations of clear suboxic conditions during the SWM are strikingly
different from their measurements, which indicated higher DO levels. This could
be due to fact that their measurements were from 64°E, i.e. from the western
periphery of the ASOMZ whereas our observations are from the core of ASOMZ.
For similar reasons, our observations are in a stark contrast to Morrison et al.
(1999), who used observations away from the core of the ASOMZ and Naqvi et al.
(1990), whose observations were confined to the north-eastern part of the AS
between 15 and 22°N. Our observations indicate contrasting features compared to
those of Rixen et al. (2014), whose observations were confined to the western AS
and north of 15°N. Our results, however agree with Banse et al. (2014), who
processed 4 decades of DO data from the ASOMZ and reported higher oxygen
concentrations between 200 and 500 m depth during the NEM than the SWM. In
the following section, we focus on how the supply via ICW modulates the oxygen
variability within the OMZ, especially its southern boundary that is hitherto not well

addressed in the previous studies.

3.2. Supply of oxygen to the ASOMZ

While the ASOMZ was well defined during the SWM of 2014, the presence of
higher DO concentration during the SWM of 2016 and NEM of 2017 suggests
possible oxygen supply by a water mass to the ASOMZ. Figure 2 indicates such a
parcel of water at the southern end of the transect (8 — 10°N) supplying oxygen to
the OMZ at depths between 200 and 500 m. This parcel of water was
characterised by a low salinity of 35.25 psu and a high DO of ~50 uM (Figures 2
and 4). Figure 4 further shows high variability in the distribution of this low saline
water along the track during the 3 cruises. Moreover, this figure demonstrates

intrusion of the above low saline water up to 16°N and its interaction with the PGW
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during the SWM of 2016 and NEM of 2017. During the SWM of 2016 at 16°N
below 200 m, a parcel of PGW (as seen from high salinity of 35.75 psu) is
surrounded by a parcel of low saline water (<35.75; Figure 4) with higher traces of
DO (Figure 2). Similarly, during the NEM of 2017, a parcel of low saline water
(35.25) is observed at 16°N (Figure 4). This low saline high DO water mass was
first identified by Ivanenkov and Gubin (1960), who called it the subtropical
subsurface water. Later, Rochford (1966) described the same water mass as
subtropical oxygen maximum water due to its high oxygen content. They also
observed that a single branch of this northward moving water mass around 300 m
gets separated in to at least three branches of sigma t values of 25.9, 26.5 and
26.8 in the depth range of 200 - 500 m, which is similar to the sigma t values in our
case for the low saline high oxygen water observed at the similar depth range
during the SWM of 2016 and NEM of 2017 (Figure 5). Following Lachkar et al.
(2019), we will refer to a mixure of the above water mass, Antarctic Intermediate

water and the Indonesian Intermediate water as ICW.

The influence of the oxygenated ICW water mass on nitrite concentrations is
shown in Figure 3. While nitrite concentration during SWM 2016 is reduced
compared to that in 2014, the SNM build up almost collapsed in NEM 2017 (only a
few isolated cells of nitrite in NEM 2017, shown in Figure 3). Thus the ICW
intrudes up to 16°N in to the ASOMZ, and influences the DO and nitrite

distributions.

To further illustrate the intrusion of ICW into the OMZ, we plotted the TS profiles
for the 3 cruises, with DO concentration overlaid (Figure 5). This figure shows the
maximum number of samples with high DO (~50 uM, blue dots; within the
temperature range 7 - 13°C, salinity ~35.25 psu and density 25.9 - 26.8) in the
depth range of 200 -500 m during the NEM 2017, followed by the SWM 2016 and
the least during the SWM 2014. In the next section, we will discuss a physical

control on the movement of ICW into the ASOMZ.

3.3. Possible influence of Rossby waves on the ASOMZ
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As discussed in the introduction, our observational transect lies in the eastern AS,
which is strongly influenced by the westward propagating Rossby waves radiated
off the west coast of India. Recent observational and modeling based studies
(Prakash et al., 2013; Parvathi et al., 2017) demonstrated that the sea level and
hence the thermocline depth changes induce variations in the oxycline depths,
which in turn can potentially influence the DO concentration in the upper layer.
This motivated us to investigate the effect of those westward propagating Rossby
waves on the DO distribution in the surface layer and upper boundary of the
ASOMZ.

Figure 6 illustrates the westward propagation of Rossby waves from the west
coast of India along 10°N. Positive SLAs indicate downwelling signals, which
deepen the oxygenated surface layer, thereby oxygenating the upper boundary of
the OMZ. Negative SLAs indicate upwelling signals, which shoal the oxycline
depth, thereby inhibiting oxygenation of the upper boundary of the OMZ. At 10°N
(Figure 6), the NEM 2017 (5 — 14™ February) is characterized by downwelling
signals, favoring higher DO concentration compared to that during the SWM (26™
September — 8" October 2014 and 24™ September — 2" October 2016), which is
characterized by upwelling signals. This explains the difference in the southern
extent of ASOMZ between NEM and SWM.

Besides modulating the oxygen distribution in the surface layer and the upper
boundary of the OMZ through upwelling or downwelling (through oxycline depth
variations), the above Rossby waves can potentially influence the oxygen at
intermediate depths by controlling the isopycnal mixing of the ICW within the OMZ
as follows. While upwelling suppresses the vertical supply of oxygen from the
oxygenated surface layer to the OMZ, it can favor intrusion of the oxygenated ICW
to the OMZ. Similarly, downwelling increases the supply of oxygen from the
oxygenated surface layer to the OMZ, but suppresses intrusion of the ICW to the
OMZ. Banse et al. (2014) indicated that the supply of oxygen to the OMZ at 200 -
500 m depths mainly occur along isopycnals. This implies that the baroclinic
Rossby waves can have a strong influence on the supply of oxygen from water
masses along isopycnals at deeper levels (the first baroclinic Rossby wave

typically extend beyond 500 m depth).
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Figure 7 displays the observed sea level along the trasect. It shows that during the
SWM of 2014, the section of transect from ~11.5°N to 17°N was experiencing
downwelling conditions (positive sea level), whereas during the SWM of 2016 the
section of transect from 8°N to 17°N was experiencing upwelling conditions
(negative sea level). These are clearly shown in the temperature sections (Figure
8), which indicates more lower temperature isotherms in the 100 - 200 m depth
range (black dotted box) during the SWM of 2016 in comparison to the SWM of
2014. The downwelling during the SWM of 2014 restricts the northward
propagation of the ICW, thereby sustaining the ASOMZ suboxic conditions. On the
other hand, the upwelling during SWM of 2016 favors the northward propagation
of ICW, supplying oxygen to the OMZ.

3.4. Impact of ICW on ASOMZ

The impact of ICW on ASOMZ is evident in Figures 2 and 3, which show a well-
defined OMZ extending down to 9°N during the SWM 2014, with a thicker nitrite
bearing zone, whereas the OMZ and hence the nitrite zone are thinner during the
SWM 2016. During the NEM of 2017, a large part of transect experienced
upwelling conditions (Figures 7 and 8) and the northernmost section (blue box in
Figure 8) experienced winter convective mixing as seen from the low-temperature
isotherms. This had a dual impact on oxygen supply: in the southern section
(south of 14°N), the oxygen supply is through ICW and in the northern section
(north of 14°N), the oxygen supply is via convective winter mixing. Overall, there
was a higher supply of oxygen to the OMZ during NEM 2017 (Figure 2), which led
to decimating the OMZ as indicated by the complete fracture in the nitrite bearing
zone and also deepening of the nitrite bearing zone down to 600 — 800 m (Figure
3).

4. Conclusion:

In the present study, a north-south transect extending from 8 to 21°N along 68°E
was sampled for biogeochemical parameters (dissolved oxygen and nitrite
concentrations) during the SWMs of 2014 and 2016 and the NEM of 2017.
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Considerable seasonal as well as inter-annual variability was observed in the
dissolved oxygen and nitrite distribution. While the OMZ was well defined during
the SWM of 2014 with the southern boundary around 9°N, it was observed ~10°N
during the SWM of 2016 with a resultant loss in the thickness of nitrite bearing
zone. In comparison, the southern boundary was observed ~11°N during the NEM
of 2017 with a maximum supply of oxygen to the ASOMZ and a complete fracture
of the nitrite bearing zone. The ICW was found to the primary source of oxygen to
the OMZ at depths between 200 and 500 m. Its influence was found up to 16°N.
We propose that the westward propagating Rossby waves from the west coast of
India strongly influence the ASOMZ by modulating the flow of ICW into the OMZ.
Our present set of observations however do not allow in-depth analyses of the
underlying physical processes, which may further require a dedicated modeling

approach.
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Figure 1. Station locations in the Arabian Sea extending from 8° to 21°N along

68°E. The dashed line shows the contour for 0.2 pM of nitrite from Naqvi (1991)

and is the generally accepted boundary of the ASOMZ.
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Figure 2. Variation of dissolved oxygen between 8 and 21°N along 68°E longitude
during the SWM of 2014 and 2016, and during the NEM of 2017.
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Figure 3. Variation of nitrite between 8 and 21°N along 68°E longitude during the
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Figure 4. Variation of salinity (psu) between 8 and 21°N along 68°E longitude
during the SWM of 2014 and 2016, and during the NEM of 2017.
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The colour of the dots shows the DO
concentration. The bluish dots in the
ellipse are the Indian Central waters as
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temperature between 11° and 17°C. Note
the higher number of bluish dots in the
ellipse during the NEM of 2017 and the
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of 2014.
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Figure 6. The longtitude-time plot of the observed sea level (in cm) at
10°N during the SWM of 2014 and 2016 and, the NEM of 2017. The
68°E, where our observational transect is located, is marked with a

dashed red line.
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Figure 7. Observed sea level (in cm) along 68°E between 8 and 21°N (i.e. along
the observational track) during the SWM of 2014 and 2016 and, the NEM of
2017. Positive sea level indicates downwelling, whereas negative sea level
indicates upwelling conditions.
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Figure 8. Temperature profiles for the top 200 m during the SWM of 2014 and
2016 and the NEM of 2017. The black dotted boxes show lower temperature
isotherms during the SWM of 2016 and NEM of 2017 in comparison to the
SWM of 2014 between 100 and 200 m. The blue dotted box shows lower
temperature isotherms in the top 100 m indicating winter mixing and also shows

the deepening of the isotherms below 100 m.
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Supplementary Figure. Variation of CTD dissolved oxygen (at 1 m interval)
between 8 and 21°N along 68°E longitude during the SWM of 2014 and 2016, and

during the NEM of 2017.
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