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Abstract

Seasonal upwelling and the associated incursion of hypoxic waters into the coastal zone is a widely
studied topic over different upwelling zones. However, its persistence or variations over short time
scales are poorly addressed. The present study, therefore, brings out a first report on hourly variations
in the temperature, salinity and dissolved oxygen recorded by an environmental data buoy equipped
with sensors, deployed in the nearshore waters of Alappuzha (southeastern Arabian Sea) from April to
August 2022. The characteristic feature of the Alappuzha coast is the development of mud banks
during the southwest monsoon, providing a tranquil environment suitable for continuous sensor-based
measurements when the sea remains turbulent elsewhere. The results showed that despite an advance
in the upwelling intensity, there is a significant variation in the oxygen concentration in the study
domain on a diurnal scale. In general, the nearshore region was under hypoxia during the first half of
the day (00:00 to 12:00 hours), which increased steadily to reach normoxic and supersaturated levels
during the rest of the day (12:00 to 24:00 hours). Statistical analysis showed that winds significantly
correlate to the coastal environment's subsurface oxygen concentration. During the morning hours, the
wind was weak, and the water column remained stratified over the subsurface hypoxic water layer.
The situation changed in the afternoon (12:00 hours onwards), as there was a steady increase in the
local wind speed (> 5 m/s), which was sustained during the rest of the day. A local wind speed > 5 m/s
can disturb the stratification and enhance the mixing process from 12:00 to 24:00 hours. The total
kinetic energy of 11.5 J/m? is the threshold for this oxygen supersaturation. These findings emphasize
the role of wind-induced mixing in alleviating coastal hypoxia, highlighting the need for further
biogeochemical and ecological investigations into the impacts of alternating oxic-hypoxic conditions
in nearshore waters.
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1. Introduction

Deoxygenation in the coastal environment has captured the interest of oceanographers due to its
importance in redox-dependent biogeochemical cycles and its implications on ecological functioning
(Fennel & Testa, 2019). Oxygen concentrations affect ocean biogeochemical processes and the
survival and distribution of marine organisms (Liu et al., 2020). The oxygen levels in some coastal
ecosystems may be below threshold levels, impacting fishery, biodiversity and ecosystem dynamics
(Altieri et al., 2017; Diaz, 2001; Grantham et al., 2004; Nagvi et al., 2000). Oxygen concentrations
below 2 mg/L can cause direct mortality, impact feeding behaviour, movement, growth, and
reproductive processes, and reduce habitat quality for marine species (Vaquer-Sunyer & Duarte, 2008).
Oxygen depletion can increase vulnerability to the impacts of fishing. Organisms fleeing from hypoxia
aggregate at the edges of low-oxygenated waters or wash ashore and are caught by fishers (Breitburg,
2002). The basin-wide drivers, such as upwelling, can interact with transport processes such as tidal
cycle, wind, and rainfall to generate complex patterns of temporal variability in dissolved oxygen (DO)
(Booth et al., 2012; Diaz et al., 2009; Walter et al., 2014). The development of hypoxia is closely
linked to various environmental factors such as wind, rainfall, and river discharge, as highlighted by
studies (Huang et al., 2019; Lu et al., 2018; Wei et al., 2016). In addition to the upwelling, local wind
forcing plays a regulating role in the stratification stability (Wang et al., 2022). For example, several
studies have found that diurnal wind forcing can regulate temperature/salinity oscillations and mixing
(Aristizébal et al., 2016; Bonicelli et al., 2014; Kaplan et al., 2003; Woodson et al., 2007). Frequent
strong winds can disrupt stratification and prevent hypoxia formation (Wang et al., 2022).

The southeastern Arabian Sea represents (7 °N — 15 °N and 70 °E — 78 °E) a mini eastern
boundary upwelling system during the southwest monsoon season characterised by the upwelling of
cold, oxygen-deficient and nutrient-rich waters into the coastal region, significantly enhancing the
primary productivity and fishery (Johannessen et al., 1987; Shankar & Shetye, 1997; Smitha et al.,
2008; Gopalakrishna et al., 2010; Rao et al., 2010; Jayaram & Kumar, 2018). During upwelling events
off the southwest coast of India, key features include the shoaling of the mixed layer towards the coast,
southwesterly wind in the offshore, westerly/northwesterly winds nearshore, and the southward flow
of the West India Coastal Current (WICC) (Fig. 1b) (Chacko et al., 2012; Mathew et al., 2003). Ekman
transport (ET) and surface water divergence are induced by alongshore winds, particularly when they
blow parallel to the coast (Fig. 1b), leading to upwelling. Additionally, Ekman pumping, influenced
by wind stress curl, contributes to vertical water movement. Notably, alongshore wind stress is
recognized as the primary driver of coastal upwelling in the Southeastern Arabian Sea (SEAS) (Shetye
etal., 1990).



The Alappuzha mudbank region is situated on the southwest coast of India and is characterised
by a highly calm environment with high biological production during the turbulent monsoon season
(Fig. 1) ( Muraleedaran et al., 2019; Gireeshkumar et al., 2017; Gireeshkumar et al., 2020). This
region's abundant fish availability and tranquillity attract fishermen to deploy their platform for fishing
activities (Gopinathan & Qasim, 1974; Rao et al., 1984). Alappuzha mud bank is spread over a small
area of 20 to 30 km? with a total stretch of 8 km offshore and 4 km alongshore in a semi-circular shape
(Balachandran, 2004; Gireeshkumar et al., 2017; Muraleedharan et al., 2018). Studies have attributed
the mud bank phenomena that appear along the southwest coast of India during the southwest monsoon
to the development of a fluid mud layer (< 2 m) near the bottom (Gireeshkumar et al., 2020). A stable
fluid mud layer (from May to September) in the sea bottom effectively dampens and attenuates the
energy of the incoming waves, leading to the tranquillity of the mud bank (Mac Pherson and Kurup,
1981; Mathew and Baba, 1995; Muraleedharan et al., 2018; Samiksha et al., 2017). A stable fluid mud
layer near the sea bottom is the main causative factor for the formation of mud banks. Once this fluid
mud disappears from the region, wave activity dominates. This phenomenon is not permanent

throughout the year but is recurrent in many locations (Gireeshkumar et al., 2020).

Many studies reported the variability of salinity, wind, sea surface temperature (SST), DO,
coastal hypoxia and nutrient-rich water in the Alappuzha mud bank (Seshappa, 1953; Seshappa &
Jayaraman, 1956; Gireeshkumar et al., 2017; Muraleedharan et al., 2017; Mathew et al., 2020; Suneela
& Sureshkumar, 2021). The simultaneous occurrence of water column stratification and organic matter
decomposition in the bottom water is crucial for establishing and maintaining hypoxic conditions
(Diaz, 2001). As a part of the western continental shelf, the mud bank region responds quickly to
meteorological changes (wind and rainfall) and synoptic-scale phenomena (upwelling). During high
rainfall events, Thottappally Spillway near the Alappuzha mud bank region creates a pathway for
spilling excess water from the Pamba basin to the Arabian Sea (Kamranuddin et al., 2021; Modi et al.,
2021; Sreejith, 2013). The upwelling intensity and hypoxia along the southwest coast of India can be
propagated to very shallow depths (< 3 m) in the mud banks, leading to water column denitrification
(Gireeshkumar et al., 2017; Mathew et al., 2019).

Upwelling influences the oxygen concentration of the nearshore environment, which maintains
a balance between the degree of deoxygenation of source waters (derived from the shelf edge) and the
cumulative oxygen sources and sinks within the system. The sources include oxygen flux in the water
column (mainly air-sea gas exchange) and photosynthesis. The sinks comprise various biogeochemical
processes such as respiration, nitrification, metal reduction, and sulphate reduction. Hypoxia or anoxia

occurs when the sinks exceed the sources for a longer duration, ultimately leading to the development



of dead zones. Upwelling-induced nearshore hypoxia is prevalent along the southwest coast of India,
and the drivers behind the development and sustenance of hypoxia are not studied. A better
understanding of various factors influencing oxygenation and deoxygenation of nearshore waters is
essential for effectively managing and utilising marine resources. We hypothesised that local
meteorological factors significantly change the nearshore temperature, salinity and oxygen dynamics,
which can substantially impact biogeochemistry and ecosystem functioning, including fishery. In this
study, a time-series data set of temperature, salinity and DO was collected at 30-minute intervals by
an autonomous observation system at the mudbank region of Alappuzha (Fig. 1). The sensor-derived
data sets were correlated with meteorological parameters (wind and rainfall) to understand the local
and basin-wide factors influencing oxygen dynamics in the nearshore environment of the mud bank.
This can provide critical information on developing and sustaining nearshore hypoxia, largely
influencing biogeochemistry and ecological functioning.

2. Data and methods
2.1 Oceanographic and Meteorological Data Collection

Conductivity (derived variable salinity), temperature, and turbidity were measured from 3m
to 8m water depth in the Alappuzha mud bank region using a CTD profiler (Seabird 19plus) on 22"
May 2022 (10:14 to 12:24 hours at 3 stations) and 30" July 2022 (between 08:30 and 10:24 hours at
4 stations) (Fig. 1c¢). The wind speed was also recorded using a handheld digital anemometer (AVM-
03) during the CTD measurements. The autonomous observatory (data buoy with moored sensors) was
installed at 5 km distance from the shoreline (8 m water depth). It measured the temperature, salinity
and DO at 3 m water depth (Fig. 1c). An SBE 37-SM/SMP/SMP-ODO MicroCAT (a real-time
transmission sensor) was used to measure high-accuracy conductivity, temperature and DO (optical
sensor). Data were collected at 30-minute intervals and transmitted to the shore laboratory. The CTD
observation stations 3 and 4 are near the autonomous observatory. An automatic weather station
(AWS) was installed at the shoreline and recorded the wind speed and direction at 10-minute intervals.
Tide and tidal currents were obtained from global tide FES-AVISO. Offshore wind speed and direction
for calculating upwelling/ET were downloaded from the ERAS database (approximately 25 km from
the coast). Daily rainfall data was obtained from the Irrigation Department, Government of Kerala,
India. Data of major parameters such as DO, salinity, temperature, local wind speed and tide and
derived variables such as freshwater fraction (FF) and ET obtained from this study were used to
perform multivariate analyses such as correlogram, two-way ANOVA and principal component
analysis (PCA). Correlation coefficients (r?) whose magnitude are between 0.7 and 1.0, 0.4 and 0.7,

and less than 0.3 indicate variables that are high, moderate and low correlations, respectively.
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Oxygen saturation levels were calculated using the MatLab runtime terminal for a particular
temperature and salinity (Weiss, 1970). The DO above this saturated level is termed supersaturated
oxygen. The seawater density is calculated using TEOS-10 (Thermodynamic equation of seawater)
and is based on a Gibbs function formulation from which all thermodynamic properties of seawater
can be derived in a thermodynamically consistent manner. The wind speed from AWS near the buoy
location calculates wind-induced current (Equation 1) (Dean & Dalrymple, 1991; Reid, 1957; Van
Dorn, 1953; WES-HL, 1996; Wu, 1969).

_ 0.2XTsyrface ww$y
V=25 x / o ln(KDso) (1)

Where V is the wind-induced current speed of water, Tqyrface 1S the shear stress exerted on the water

surface by the wind, p,, is the density of the water, ‘In’ is the natural algorithm (log to the base €), Yo
(3 m) is the water depth, k (0.018) is the relative bed roughness (relative to the sediment grain size,
Dso), and Dso (0.0035 mm) is the median grain diameter. The kinetic energy of the wind-induced

current and tidal current is calculated using Equation 2

Where v is the volume of the water, and V is the wind-induced current/tidal current. Total kinetic
energy is the sum of wind-induced KE and tidal KE. The potential energy (PE) of the seawater is
calculated using Equation 3

Where g is the acceleration due to gravity and h (3 m) is the water depth.

The present study used the Ekman transport as a proxy for upwelling intensity (Johannessen et al.,
1987; Shankar & Shetye, 1997; Smitha et al., 2008; Sripoonpan & Saramul, 2021). Since upwelling is
a large-scale phenomenon induced by the seasonal wind pattern, wind speed obtained from ERAS at
an offshore location (40 km from the shoreline) within the shelf is used to calculate ET. The ET is

derived from the wind stress 7 (zx zonal and 7y meridional component).

Tx= paCy /sz + W2 X Wy, Ty=paCa /sz + W, X Wy=mmmme- cemmmmmeennnee (4)

= = e
ETx= o and ETy 7 (5)

Pw

Where p, (1.225 kg/m?®) is the density of the air, p,, is the density of the water, C, isthe dimensionless

drag coefficient, and f is the Coriolis force (2Qsin®, where Q is the angular velocity of the Earth and



0 is latitude). The total ET is calculated using equation 6 (Cropper et al., 2014; Sripoonpan & Saramul,
2021; Varela et al., 2015)

ET = —sin(p — 2) ETy + c0S( — ) BTy, =-rmrmrmrmmmmmmmmomonenees (6)

Where ¢ is the coastal orientation angle, and the coastline was approximated by a straight line, making
an angle of 24° with the north (Ray et al., 2022; Shetye, 1984). The FF is calculated to understand the
freshwater (rainfall and river discharge) content in a coastal region (equation 7) (Seena et al., 2019)

_S-$
FF = 5% (7)

Where So is the reference value of salinity (35.5), and S is the salinity obtained from the buoy.
According to Seena et al. (2019), the classification of the FF is a freshwater/freshwater plume (FF lies
between 0.98-0.86), freshwater plume influenced (0.86-0.49), estuarine plume (0.49-0.15) and
estuarine plume influenced (0.15-0.01).

The Brunt-Vaisala frequency (BVF) was calculated to measure the stratification (Equation 8)
(Donis et al., 2021; Kokoszka et al., 2023; Seena et al., 2022).

Where g is the acceleration due to gravity, p,, is the reference bottom density of the water column,
and (0p/0z) represents the vertical gradient of density. A high BVF indicates strong stratification and
stable conditions, while a low BVF denotes less stratification and is more susceptible to mixing (Donis
et al., 2021; Kokoszka et al., 2023; Seena et al., 2022). The BVF is computed by assessing the density
gradients between successive depth intervals measured during the cross-shelf observations. For the
time-series buoy measurements, the BVF is determined by comparing the density at the buoy's location
with the reference bottom density, typically set at 1022 kg/m? and obtained from CTD measurements.
This approach allows for a more localized assessment of the buoy's specific water column

characteristics, taking into account the reference density from the broader CTD measurements.
3. Results and Discussion

The biogeochemical process of the southwest coast of India is dominated by two seasons:
southwest and northeast monsoon (Fig. 1a and b). The semi-annual wind reversal is the major reason
for the monsoon cycle. The southwest monsoon season is dominated by upwelling, and the associated
water column hypoxia makes the region more complex. The western continental shelf of India hosts

one of the world’s largest oxygen-deficient zones (0-20 uM) during the southwest monsoon season
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(upwelling) (Naqvi et al., 2000; 2006). The high freshwater influx (~ 300 cm/yr) into the region leads
to strong surface layer stratification (low salinity lens) and prevents the aeration of the water column.
The current investigation was conducted in the mud bank region of Alappuzha, situated on the
southwest coast of India, where we implemented a comprehensive survey sampling strategy tailored
explicitly for mud bank conditions. In the subsequent sections, we delve into the hydrographic

variations, DO dynamics, and the statistical analyses conducted in this study.
3.1 Hydrographic variation during May and July

The hydrographic variables indicated a clear water column stratification in the nearshore
waters during the first half of the day (Fig. 2). The water column exhibited notable horizontal and
vertical fluctuations in temperature (ranging from 24 to 30.5 °C) and salinity (ranging from 26 to 35
PSU). In May (as illustrated in Fig. 2a to e), the observational data about temperature and salinity
levels indicated the presence of a distinct low-salinity layer within the surface waters, concurrent with
lower temperatures and the emergence of subsurface waters characterized by higher salinity due to
upwelling processes. Notably, even during May, the water column exhibited thermal stratification,
with a discernible temperature gradient of 3°C. The high temperature in upper waters (surface to 2 m)
is due to diurnal warming (Azeez et al., 2021). Similarly, salinity measurements revealed a minimum
of 26 Practical Salinity Units (PSU) in surface waters and a maximum of 34.43 PSU in deeper layers,
resulting in a net salinity difference of 8.43 PSU spanning the entire water column. The reduction in
surface water salinity was attributed to sporadic atmospheric occurrences, primarily rainfall events
(Fig. 6b) and associated river discharge through the Thottappally spillway, during this temporal
interval (Kamranuddin et al., 2021; Modi et al., 2021; Sreejith, 2013). The density distribution analysis
unveiled the presence of two well-defined layers, with density values ranging from 1015 kg/m?®
(surface) to 1022 kg/m3 (bottom). These layers were distinguished by lower-density water situated atop
higher-density water. By July (Fig. 2f to j), the average salinity across the water column was 34.79
PSU. A gradual temperature decline of ~ 4°C was observed in surface waters from the end of May to
the end of July. A thermally stratified layer was identified, with surface water temperatures dropping
notably to 26.79 °C and bottom water temperatures to ~24°C. From June onwards, a low salinity lens
in the surface waters formed through intense precipitation in the coastal zone was evident, which led

to thermohaline stratification at considerably shallow depths.

The high turbidity (exceeding 30 NTU) levels near the sea bottom indicated the mud bank
formation in the study region (Fig. 2d and i) (Gireeshkumar et al., 2020, 2017; Muraleedharan et al.,
2018). Jyothibabu et al. (2018) investigated the vertical distribution of turbidity and photosynthetically

active radiation (PAR) in the mud bank region. Their findings revealed distinctive patterns, indicating
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the presence of a significantly turbid, fluid, muddy layer close to the seabed. This turbid layer extended
from the coastal area to the outer edges of the mud bank. This high turbid fluid mud layer can
significantly dampen the incoming wave energy (Muraleedharan et al., 2018; Gireeshkumar et al.,
2020). Turbidity levels are comparatively low at the surface layers, even during the active phase of the
mud bank (Fig. 2d and i) (Jyothibabu et al., 2018; Karnan et al., 2017). High turbid waters were noticed
during strong winds, such as the passage of cyclones or the onset of southwest monsoon
(Muraleedharan et al., 2017). During the hydrographic measurements conducted in the study region,
weak winds with speeds consistently below 2 m/s (measured using handheld digital anemometer,
AVM-03) were observed in both May and July. This observation underscores the limited influence of
local wind-induced mixing on the water column, particularly during the morning hours in this area.
Overall, hydrographic observations identified two distinct types of stratification: salinity-driven
stratification dominated during May, whereas thermal stratification played a more prominent role in
distinguishing water column characteristics in July. Based on BVF, strong stratification was evident
during May and July, with high BVF values in May. This finding underscores salinity and

temperature’s significant role in shaping stratified layers.

3.2 Temperature, salinity, and DO from the automated buoy and its relation to physical and

meteorological parameters

A gradual cooling of the nearshore waters was noticed during May end and exhibited
significant diurnal variations during June and July. Based on Gupta et al. (2016) and several other
references, 26 °C can indicate the incursion of upwelled waters to the nearshore environment.
Accordingly, the onset of upwelling (presence of cold and oxygen-deficient waters) in the study
domain was evident after the third week of May (Fig. 3c). The salinity, temperature, and DO profiles
exhibited significant diurnal variations after the third week of May and, during July, the water
temperature decreased further to 22 °C (Fig. 3a to c). During April-May, the water temperature was
positively correlated with salinity (p<0.001), while with the progress of upwelling (June-July), it
became negatively correlated (p<0.001). The water column experienced alternating hypoxia and
normoxia during June-July at approximately 12-hour intervals. We selected three representative days
for a closer observation of DO, local wind speed and tidal elevation (25" May, 28" May and 6™ June
2022) (Fig. 4a to c), which showed a sharp increase in DO concentration after 12:00 hours associated
with an increase in local wind speed. The cross-shelf hydrographic parameters in the first half of the
day indicated the water column stratification when relatively weak winds prevailed over the region.
These observations indicate that even during a persistent upwelling period, local winds can

significantly influence the DO concentrations in the coastal environment on a shorter time scale.
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The DO varies significantly under various physical parameters, such as temperature and
salinity, which act as primary variables. Since primary physical factors (salinity and temperature)
regulate the DO concentrations, we have undertaken a detailed analysis of secondary factors that
determine the salinity and temperature of the region. Secondary variables such as wind, rain, and tide
play a vital role in changing the primary variables, thereby regulating DO concentrations. Fig. 5 shows
the hourly variation of oxygen, temperature, salinity, wind and tide from 23 May to 9" June 2022.
During this period, the study captured the variation of oxygen (0.10-10 mg/L), salinity (29.10 to 34.79
PSU), temperature (24.9 to 29.9 °C), local wind speed (0 to 10 m/s) and rainfall (0 to 62.8 mm) with a
maximum tidal range of 0.95 m (mixed semidiurnal-micro tide) (Fig. 5a to e and Fig. 6). The upwelling
is observed after the third week of May, showing temperature dropping < 26°C and a maximum salinity
of 34.79 PSU (Fig. 5c and d). There are several studies based on the upwelling and rapid upward
shifting of 26°C isotherms along the southwest coast of India during the summer monsoon season,
accompanied by high saline waters (Banse, 1959; Gopalakrishna et al., 2010; Gupta et al., 2016; Kumar
and Anand, 2016; Nagvi et al., 2000; Rao et al., 2008; Shah et al., 2019, 2018, 2015; Sharma, 1978;
Smitha et al., 2014, 2008).

From 23" May to 9" June 2022, the temperature dropped to a minimum of 24.9°C (peak
upwelling stages), and the oxygen level reached 0.15 mg/L with an average salinity of 34.50 PSU. The
average variation of the parameters from 00:00 to 12:00 hours and 12:00 to 24:00 hours is listed in
Table 1. The average temperature and salinity were 26.4°C and 34.10 PSU, respectively (Table 1).
Generally, upwelling dominated during the first 12 hours except on 26" May, where the upwelling
persisted the whole day. During the southwest monsoon, the mean wind direction over the Indian
region is from the southwest, which can vary from place to place in the coastal regions (Philip et al.,
2013). In this study, the offshore wind speed responsible for upwelling was > 5 m/s, and the wind
direction was mostly westerly and northwesterly (Fig. 7a and b). At the same time, the local wind
speed was low (< 2 m/s) (Fig. 7c and d) compared to offshore; this suggests that upwelling and its
intensity were controlled by seasonal winds (monsoon). The average DO concentration from 00:00 to
12:00 hours was 2.96 mg/L. The analysis during the first 12 hours showed frequent low wind speed

and associated episodic hypoxic events.

Conversely, the water column conditions were reversed during the next 12 hours (12:00 to
24:00 hours). The average DO concentration was 6.7 mg/L with a minimum of approximately 0.10
mg/L and a maximum of 10 mg/L on the 25" and 28" May. A sharp increase in DO (a total variation
of 10 mg/L in a day) concentrations after 12:00 hours is observed in Fig. 5a. A minimum salinity of
29.10 PSU was observed on 28" May (afternoon), where the rainfall was 62.8 mm (Fig. 5d and Fig.



6). The influence of high rainfall (15 mm/day on average) and associated river discharge from the
Thottappally spillway contributed to the salinity reduction. The local wind speed experienced a notable
increase, reaching an average wind speed of 5 m/s. The strong wind may be pivotal in inducing
substantial mixing within the water column. The stick plots and rose diagram (Fig. 7a to d) clearly
illustrated the prevalence of northerly local winds (westerly and northwesterly winds offshore) over
the study region. There were no signs of the typical land-sea breeze patterns during the southwest
monsoon. These northerly winds that exceed 5 m/s are sufficient to induce mixing of the water
columns. The tide data from FES observed spring tide from 28" May to 31% May, where the tidal range
between the highest and lowest tide was comparatively large (0.95 m), causing the tidal force to
increase. During the spring tide, the strong tidal force during the flood stage pushes the seawater
towards the shore, and the ebb phase spreads the low salinity offshore. The initial 12 hours were
dominated by low tide water, and the afternoon shows the high tide's dominance. The micro tides (<2
m) with tidal currents of less than 0.3 m/s cannot break down the water column stratification or enhance
oxygen replenishment (Chen et al., 2016; Hetzel et al., 2015). The maximum tidal range observed in
the present study during spring tide was 0.95 m; therefore, the impact of the tide was minimal, but it
can transport the low salinity in favour of wind-induced mixing. Mixing due to the tidal currents can
also cause slight aeration, but the energy produced cannot interrupt the stratification. The strong winds
during the second half of the day (Fig. 5b) may break the water column stratification, resulting in well-

mixed oxygen-saturated nearshore waters.
3.3 Statistical analysis of the data

The correlogram analysis has been performed to understand the controlling factors
influencing the DO dynamics during the monsoon season. The correlation matrix of 7 variables, such
as oxygen, salinity, temperature, local wind speed, tide (height and currents), FF and ET, is presented
in Fig. 8a. The analysis revealed a significant positive correlation of DO with temperature (r=0.87),
and salinity exhibited a significant negative correlation (r=-0.81). Temperature and oxygen were more
sensitive to changes in the degree of upwelling than salinity, as indicated by the magnitude of their
fluctuations. Wind speed (r=0.42) and tide (r=0.19) showed a moderate and low positive correlation
with DO, respectively. The correlation between minimum salinity within a particular day and the
corresponding rainfall showed a moderate negative correlation (r=-0.61). The correlation of FF and
ET on oxygen was strongly positive (r=0.81) and moderately negative (r=-0.43), respectively. The
dominance of wind is another factor that modulates the daily mixing process and DO, which was
evident from the ANOVA test (p<0.05).

10



PCA was employed to investigate the underlying relationships among various environmental
parameters influencing DO levels in coastal waters. PCA revealed two principal components, PC | and
PC IlI, which collectively explained 75.17% of the total variability (Fig. 8b); PC | accounted for
60.67%, and PC Il contributed 14.5%. PC | was positively loaded with oxygen, temperature, local
wind speed, and FF. At the same time, salinity and ET exhibited negative loadings in PC I, each with
a slight angular separation from the component. The nearly 180° angle between these two groups of
variables indicated that increasing temperature and FF were associated with high DO levels; in
contrast, an increase in salinity and ET were linked to hypoxia. Local wind speed emerged as a
significant driver of DO dynamics that induce water column mixing. The influence of tides on DO
levels was generally negligible, as evidenced by an angle close to 90° between tides and the other
parameters, except during spring tide conditions (it may enhance mixing potential). Overall, the PCA
analysis elucidated that the PC I primarily represented the shelf edge upwelling process and the impact
of rainfall and river discharge on salinity. A subtle shift in the local wind pattern towards PC2 indicated
its role in inducing mixing in nearshore waters and modulating the upwelling process. These findings
collectively contribute to a comprehensive understanding of the complex interactions and drivers
influencing DO variations in the study area.

In summary, the fluctuations in DO levels were driven by the combined influence of three
key parameters: salinity, temperature, and localized wind speed. Specifically, lower salinity in surface
waters, resulting from increased rainfall and river discharge (mainly from the Thottappally spillway),
played a significant role in stratifying the water column. Additionally, variations in DO levels were
linked to the upwelling process, marked by changes in temperature and salinity, as well as the effects
of local wind-induced mixing. These combined factors contributed to the modulation of DO levels,

transitioning them between hypoxic and saturated/supersaturated states and vice versa.
3.4 Dissolved oxygen dynamics in the nearshore environment

During monsoon, the coastline along the southwest coast of India is generally stratified due
to river discharge, diurnal heating and coastal upwelling (Narvekar et al., 2021). Stratification and
mixing of coastal waters depend on the conversion between kinetic energy (KE) and potential energy
(PE) induced by physical and meteorological factors (Simpson, 1981; Simpson et al., 1990; Wang et
al., 2022). Statistical analysis revealed the local wind speed, upwelling, and freshwater content as the
major controlling factors influencing the DO dynamics with minimal tide impact. Therefore, we
calculated the coastal water's KE (local wind-induced and tide-induced) and PE to understand the
dynamics of DO. ET, offshore wind speed, BVF, FF, and tide were also compared against the diurnal

variations of DO (Fig. 9). The 100% saturation of oxygen was computed as 6.52 mg/L on average for
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the corresponding salinity and temperature (Fig. 9a). The values above 100% saturation are shaded in
red in Fig. 9a, termed supersaturated, and below the level can be denoted as oxygen-depleted. The

oxygen levels <2 mg/L indicate hypoxic conditions.

The present study revealed situations where the oxygen level was supersaturated (especially
on May- 23, 25, 28, 29, 30 and June - 7 and 8) (Fig. 9a), and the DO level reached more than 8 mg/L.
A total KE of 11.5 J/m? appears to be the threshold factor for this supersaturation (Fig. 9b), which
could destroy the stratification and interrupt hypoxia formation in the nearshore waters. Concerning
the increase of KE, the PE of the system is slightly reduced. The PE ranged between 9.9 to 10.08 J/m3
with an average value of 10.03 J/m®. Although the variation of PE is negligible, during each upwelling
(downwelling) event, the PE increases (decreases) slightly. The average tide and wind-induced KE
was 2.02 and 4.18 J/m?, which means KE from local wind is two times higher than tide-induced KE.
The maximum KE induced by tide and wind was 10.64 J/m? (during spring tide only) and 65.9 J/m?,
respectively, with a maximum total KE of 66.87 J/m®. Compared to wind-induced KE, tidal KE alone
cannot produce a supersaturation threshold for mixing the water column. However, the total KE (sum
of wind and tide) higher than the threshold increases the DO level to supersaturation. KE induced by
wind is the major reason for the increase in the DO level up to 8 mg/L. The combination of freshwater
content (> 0.09) and wind-induced KE (> 20 J/m?®) can further increase the DO up to 10 mg/L (25"
and 28" May). According to the FF classification of Seena et al. (2019), a FF value between 0 and
0.15 is termed an estuarine plume-influenced region. An FF in the range 0 - 0.15 (Fig. 9e) indicated
the mud bank region as freshwater-influenced by rainfall and river discharge. During each heavy rain
event, the Irrigation Department of Thottappally spillway near the mud bank region (which effectively
controls the Kuttanad region's flood level) has opened 35 shutters to ensure the smooth flow of
floodwaters from Kuttanad into the Arabian Sea (Kamranuddin et al., 2021; Modi et al., 2021; Sreejith,
2013). The combination of wind and freshwater is the decisive factor determining the aeration of the
water column up to supersaturation from 12:00 to 24:00 hours. There is always a time shift between
offshore wind (upwelling from 00:00 to 12:00 hours) and local wind speed (wind-induced KE from
12:00 to 24:00 hours), as evident from Fig. 9b and c. The DO remains at its saturation levels when the
upwelling (ET > 1 m®/sec/m) balances the KE (> 11.5 J/m®) generated by the wind-induced mixing
(e.g. May- 24, 27 and 31). In the case of hypoxic conditions, the ET showed relatively high intensities
of upwelling (> 1 m®/sec/m) from 00:00 to 12:00 hours, which can reduce the DO levels below 2 mg/L
(e.g. 26" May and 6™ June) with the absence of local wind (i.e. offshore wind for upwelling is more
dominant than the local nearshore wind). DO levels depend on the dominance and subjugation of each

factor, especially local wind speed/direction, upwelling/ET and FF. The KE of 11.5 J/m? equals a wind
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speed of 5 m/s; persistence of wind speed > 5 m/s for more than 2 hours is sufficient for supersaturation.
Even though the wind-induced KE exceeds the threshold for supersaturation, a strong upwelling event
can balance the DO level at saturation (6.52 mg/L) or even be hypoxic when there is no local wind to

mix the water column.

The study by Chen et al. (2015) in the Yangtze Estuary showed that a 10 % increase (decrease)
in wind speed could decrease (increase) the extent of hypoxia to 46.66 % (67.28 %). The wind force
is crucial in breaking stratification and ventilating bottom water, resulting in increased mixing
(Goodrich et al., 1987). Lu et al. (2018) analysed the interactive role of wind stress and river discharge
towards hypoxia. They concluded that hypoxia development involved river inputs of buoyancy and
nutrients with weak wind stress, while hypoxia was inhibited when the wind stress was twice the mean
wind stress. A system is prone to hypoxia if it has little physical energy (local wind force) and a high
buoyancy input (precipitation/river discharge), which are its essential characteristics (Diaz, 2001).
These observations indicate that wind can significantly influence the DO concentrations in the coastal
environment even during a persistent upwelling period. Overall, the mixing of coastal water depends
on the transformation between KE and PE induced by the combination of physical factors (Simpson,
1981; Simpson et al., 1990; Wang et al., 2022). Upwelling in the bottom waters and the freshwater
content in the surface waters will create a strong stratification. The PE of the system increases during
the upwelling process due to the vertical movement of water (Ferrari and Wunsch, 2009). Strong local
wind force disrupts this stratification by converting the PE to KE by the movement and mixing of fluid
particles. The KE is dissipated through viscosity into internal energy and converted to PE through
buoyancy (Wunsch et al., 2004).

We also attempted to calculate the BVF of the buoy location water column based on the
density at the bouy location and reference bottom density (1022 kg/m?®) from CTD. The study's findings
show that during each upwelling event from 00:00 to 12:00 hours, there was a notable and consistent
increase in the Brunt-Vaisala frequency (BVF). This increase in BVF is a strong indicator of enhanced
stratification within the water column (Fig. 9d). Interestingly, under typical circumstances, the
presence of freshwater might lead one to anticipate a subsequent increase in BVF from 12:00 to 24:00.
However, the study's observations highlight a different scenario. During this period, the influence of
local wind-induced mixing became evident. This wind-induced mixing resulted in a reduction in BVF,
as is also clearly illustrated in Figure 9d. These observations indicate that while introducing freshwater
could potentially promote stratification, the influence of local wind patterns and their mixing effects
counteract this tendency. As a result, the water column experiences reduced stratification during the

latter half of the day, as evidenced by the decrease in BVF. This interplay of processes has significant
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implications for understanding the dynamics of the water column and the factors that influence it
during upwelling events. However, it is crucial to acknowledge the uncertainty associated with these
BVF calculations. The accuracy of density measurements, which forms the basis for BVF calculations,
can introduce uncertainty due to the bottom density data's buoy location limitation. A drastic change
in bottom density can significantly influence BVF and also give irregular results in BVF calculation.
Even though the limitation persists, the bottom density variation along the transect showed negligible
variation during May and July, which gives enough fidelity in the BVF calculation. The stability in
bottom density supports the reliability of the data used for BVVF assessment.

3.5 Biogeochemical implications

A schematic that summarises the factors influencing DO is shown in Fig. 10. During the
southwest monsoon, a local wind speed below 5 m/s (KE < 11.5 J/m®) keeps the water column
stratified. The high-saline coastal waters were overlaid by a warm, fresher, low-salinity lens restricting
the sub-surface water from aeration, ultimately leading to nearshore hypoxia (Situation I). A wind
speed well above 5 m/s (KE > 11.5 J/m®) can effectively break the water column stratification that can
aerate the water column (generally observed after 12:00 hours in the Alappuzha mud bank) (Situation
I1). This suggests that the variation of DO in the mud bank region depends on the balance between

upwelling and wind-induced mixing.

The cycles of hypoxic and normoxic waters within a day can significantly influence
biogeochemical cycling and ecosystem functioning. The observation that hypoxic waters are intruding
into the shallow coastal areas, including Alappuzha mud banks, has significant implications in
explaining the uncertainties in the potential of mud banks as reasonable fishing grounds (Rao et al.,
1984; Silas, 1984). The mud banks do not generally favour fish aggregation, but when there is stress,
such as hypoxia, the fish tends to avoid hypoxic waters by migrating to the surface layers. It was a
spectacular site to witness many people casting nets from the mud bank at knee depth and even
handpicking prawns/sardines jumping out of the waters to the beaches, probably due to suffocation.
Large shoals of sardine and other pelagic fishes were found to be washed ashore on the southwest coast

of India, where the role of diurnal variations in DO is significant (Kripa et al., 2018).

Hypoxia can significantly alter redox conditions, leading to changes in nitrogen cycling, and
such modifications can induce the formation of nitrous oxide, retention and release of phosphorus and
trace elements (Naqvi et al., 2000; Neubacher et al., 2011). Iron regeneration is lowest under fully oxic
and permanent anoxic conditions and highest under low oxygen or alternating oxic-anoxic conditions

(Mathew et al., 2022). Animals can move away from hypoxic areas, but sessile organisms experience
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physiological stress and perish depending on the intensity, frequency, and duration of hypoxic events
(Levin et al., 2003; Middelburg and Levin, 2009).

4. Conclusion

The temperature, salinity and DO were measured at 30-minute intervals from April to July
2022 from a mud bank region in the southeastern Arabian Sea through moored sensors. The data
revealed the incursion of low temperature and hypoxic waters in the nearshore region by the third week
of May. Significant diurnal variations in the DO characterised the southwest monsoon. The daily cycles
of hypoxia and normoxia were noticed during June-July, and the duration of hypoxia was found to be
significantly increasing when the monsoon progressed. The nearshore waters exhibited significant
diurnal variations of DO and reached hypoxic conditions by 6:00 hours, persisted from 6:00 to 12:00
hours and then increased to supersaturated levels. The wind was the major factor controlling the
deoxygenation and oxygenation of the nearshore waters. During the first half of the day, the weak
winds keep the water column stratified, leading to hypoxia. In contrast, the strong northerly wind after
12:00 hours breaks the water column stratification, leading to a supersaturated phase. The
transformation between KE and PE induced by wind and upwelling regulates this DO level. A sharp
nighttime increase of DO up to 10 mg/L is observed in this study from 12:00 to 24:00 hours. The
statistical analysis also showed that local wind speed and FF (> 0.09) are the primary reasons for
hypoxia interruption and supersaturation. A northerly local wind speed > 5 m/s (more than two hours)
can disturb the stratification, modulate upwelling and enhance the mixing process from 12:00 to 24:00
hours. The total kinetic energy of 11.5 J/m3 is found to be a threshold for this supersaturation. Further
studies are essential to understand the biogeochemical and ecological implications of alternating oxic-

hypoxic conditions in nearshore waters.
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Figure 1. Schematic diagram representing the wind (red arrow) and current pattern (black arrow)
during a) northeast and b) southwest monsoon along the Arabian Sea. The wind responsible for
upwelling is shown in blue colour parallel to the coast. ¢) Map of the study region showing the locations
of the cross-shelf stations (white dots, buoy mooring (autonomous observatory) and the AWS (black
dot) installed on the shore. The abbreviations are WICC: West India Coastal Current, EICC: East India
Coastal Current, WMC: Winter Monsoon Current, SMS: Summer Monsoon Current, LH:

Lakshadweep High, LL: Lakshadweep low.
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Figure 2. Cross-shelf variations of temperature, salinity, density, turbidity and Brunt-Vaisala frequency
(derived parameter using equation 8) in the nearshore waters of Alappuzha during 22" May 2022
between 10:14 to 12:24 hours (left panel from a to ) and 30" July 2022 between 08:30 to 10:24 hours
(right panel from f to j).
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index for upwelling) and c) dissolved oxygen (dashed red line showed the hypoxic condition less than
2mg/L) in the Alappuzha mud bank region at the buoy mooring location.
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Figure 9. Variation of a) oxygen (dissolved, saturated and supersaturated), b) kinetic energy (wind-
induced, tide-induced and total) and potential energy, c) Ekman Transport and offshore wind
speed, d) Brunt-Vaisala Frequency and density e) freshwater fraction and tide from 23" May 2022
to 9™ June, 2022.
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Table 1 The average variation of the parameters Oxygen, Temperature, Salinity and Local wind
speed from 00:00 AM to 12:00 hours and 12:00 to 24:00 hours

Parameter 00:00 to 12:00 hours 12:00 to 24:00 hours
Oxygen (mg/L) 2.96 6.7

Temperature (°C) 26.4 27.5

Salinity (psu) 34.1 32.9

Local wind speed (m/s) | 1.58 5
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