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Abstract

The recent increase in atmospheric pollutants (aerosols) over the northern Indian Ocean due to an
increase in industrial activity in South and Southeast Asia decreased air temperature (AT)
leading to the strengthening of winter convective mixing and promotion of phytoplankton
blooms in the northern Arabian Sea (AS). To test this hypothesis, the variability in
meteorological and surface ocean properties was analyzed for a period of 4 decades (1979-2018)
in the northern AS. The total and anthropogenic aerosol optical depth (AOD) increased at a rate
of 0.05 and 0.07 per decade respectively in the recent decades associated with a decrease in air
temperature (AT) over the northern AS during winter. The estimated decrease in AT due to
increasing AOD accounts for 0.18°C over the AS and it is close to that of the mean decrease in
AT from 1994 to 2018 of 0.25°C. This increased the difference in temperature between the sea
surface and atmosphere and enhanced specific humidity in the atmosphere resulting in the
strengthening of convective mixing in the northern AS as evidenced by the deepening of the
depth of 20°C isotherm in the recent decades during winter. Enhanced nutrient concentration and
phytoplankton biomass were observed in the photic zone during winter further confirming that
convective mixing strengthened in the recent decades in the northern AS than hitherto
hypothesized as weakening due to the warming of the Eurasian landmass. The enhanced
nutrients supported diatoms blooms, which are prey for Noctiluca scintillans to initiate the bloom
in the AS in the recent decades.

Keywords: winter convective mixing, Atmospheric dust, net heat flux, nutrients inputs, Arabian
Sea.

Plain Language Summary

Atmospheric pollution is ever-increasing over the northern Indian Ocean leading to decreasing
solar radiation resulting in a decrease in atmospheric temperature. This led to an increase in
temperature difference between sea surface and atmosphere which triggers convective mixing
and supply of nutrients to the surface. The enhanced nutrients support the formation of
phytoplankton blooms and a decrease in oxygen concentrations in the subsurface waters. This
work suggests that atmospheric pollution modifies oceanic mixing patterns and increases food
for heterotrophs in the northern Arabian Sea.



1. Introduction

Atmospheric aerosols play a pivotal role in influencing global climate through modifications in
the radiation budget (IPCC, 2001). Aerosol optical depth (AOD) indicates the absorption of
sunlight-induced by aerosols (haze) and direct measurement of aerosol loading, which
contributes to rating global climate change (Zhao et al., 2008). A rapid increase in AOD is
reported from 2001-to 2011 by ~4%!/y over the Indian subcontinent (Krishna Moorthy et al.,
2013; Srivastava, 2017). Since the northern Indian Ocean has been covered on three sides by an
Asian landmass, where one-third of the global population is dwelling close to the coast, more
anthropogenic aerosols are produced (Rastogi et al., 2020). The seasonal variations in winds
support the seasonal migration of the Inter-Tropical Convergence Zone (ITCZ) allowing to
spread of pollutants over the Indian Ocean (Ramanathan, 1996). In the past few decades,
emissions from various pollutants and their components in the fast-growing and expanding
countries (such as India and China) are increased rapidly due to enhanced industrial activity,
motorization and agricultural practices (Kurokawa and Ohara, 2020). Zhang and Reid (2010)
reported the highest rate of increase in AOD per decade over the Bay of Bengal, followed by
coastal China Sea, and Arabian Sea (AS) between 2000 and 2009 and it was found that the rate is
further increased in the recent decades (2010-2019; Yadav et al., 2021) in the BoB. Dong et al.
(2014) reported that significant cooling of atmospheric temperature due to aerosols over the

northern Indian Ocean due to a decrease in incoming radiation to the lower atmosphere.

The AS experiences a seasonal reversal in surface winds that blow from the northeast (NE)
during boreal winter resulting in the transport of pollutants from the Indo-Gangetic Plain (IGP)
to over northern AS (Ramanathan et al., 1996) leading to a decrease in incoming short-wave
radiation and cooling of the lower atmosphere by about 4°C (Ramanathan et al., 2002). In
addition to this, the NE winds are cold and dry resulting in an increase in evaporation over the
northern AS leading to the high surface density that triggers convective mixing (Madhupratap et
al., 1996; Dickey et al., 1998). The strong convective mixing is also supported by a rapid
decrease in specific humidity of air from 19 g/kg in October to 10 g/kg in December (Prasad and
Kumar, 1996). The crucial parameters to set convective mixing are the differences in sea-air

temperature, specific humidity of air and wind speed (Tomczak and Godfrey, 1994).



A deep mixed layer of >100 m was reported during winter associated with convective mixing in
the northern AS resulting in the entrainment of nutrient-rich waters into the photic layer (de
Sousa et al., 1996; Morrison et al., 1998) that triggers phytoplankton blooms (Bhattathiri et al.,
1996; Barber et al., 2001). An increase in export production (Buesseler et al., 1996) and intense
oxygen minimum zone (OMZ; de Sousa et al., 1996) and high surface pCO- levels (Sarma et al.,
1998) were reported associated with convective mixing. Banse et al. (2014) reported depletion of
oxygen in the OMZ at the rate of 0.19 uM/y during winter for the past four decades and potential
reasons for such changes are unclear. Thicker and intense OMZ was reported in the northern AS
during winter due to high phytoplankton biomass and export flux supported by convective
mixing (de Souza et al., 1996; Morrison et al., 1998). Therefore, variations in the strength of
convective mixing play an important role in the biogeochemistry of oxygen, carbon and nitrogen
cycling in the northern AS. Recently, Goes et al. (2020) reported that warming of the Eurasian
land surface due to global warming increased air temperature resulting in a weakening in winter
convective mixing between 1980 and 2018 resulting in the occurrence of Noctiluca scintillans
blooms. Diatoms are the preferred prey of green Noctiluca scintillans and often develop
following diatom blooms (Kiorboe and Titelman, 1998; Dwivedi et al., 2015). Gomes et al.
(2008) reported the occurrence of Noctiluca blooms during spring intermonsoon (March to
May). They found that mesoscale eddies in the western AS contribute to the genesis and
dispersal of Noctiluca blooms from the Gulf of Oman into the central AS. Xiang et al. (2019)
found the occurrence of Noctiluca Scintillans blooms in the northern Arabian Sea, off Pakistan,
during February. They reported that stable water column, low silicate concentrations, high light
conditions and accumulation of organic nutrients provided favourable conditions for their
growth. This is consistent with similar interpretations given by several investigators (Prakash et
al., 2017; Lotiliker et al., 2018; Wasmund et al., 2013; Sarma et al., 2019). The Noctiluca blooms
formations involve four different stages: 1) an increase in nutrients leading to the formation of
phytoplankton blooms (say diatoms), 2) due to an increase in the availability of prey, Noctiluca
abundance increases, 3) the exponential growth of Noctiluca occurs by through reproduction and
4) decrease in abundance caused by either lack of prey, consumption by larger predators or
carried away by winds (Miyaguchi et al., 2006; Baek et al., 2009; Harrison et al., 2011; Gomes et
al., 2014). Gomes et al. (2014) found that Noctiluca can able to survive in the absence of

nutrients and external prey for a period of about a year, however, they cannot bloom under such



conditions. Gomes et al. (2018) reported, based on the laboratory experiments on Noctiluca
isolated from the Arabian Sea, that Noctiluca prefers Peridinium foliaceum and the pennate
diatom Phaeodactylum tricornutum as food for their growth. Therefore, before Noctiluca
blooms, diatoms abundance enhances due to an increase in nitrate, phosphate and silicate
concentrations caused by winter convective mixing that act as prey for Noctiluca. Gomes et al.
(2014) observed that the growth of Noctiluca enhances in the low oxygen compared to oxic
conditions. Since convective mixing brings low oxygen and nutrient-rich waters from the
subsurface, the conductive conditions prevail for Noctiluca to bloom. This is the reason the green
Noctiluca blooms occur at the end of the winter (February), when winter convective mixing
weakens and stratification occurs due to the westward flow of West India Coastal Currents and
change in direction of winds (Prakash et al., 2017; Sarma et al., 2019; Xiang et al., 2019). The
diatom bloom is observed in the western region of Northern AS and proceeds towards the east
followed by the development of green Noctiluca blooms (Kiorboe and Titelman, 1998; Dwivedi
et al., 2006; 2015). Therefore, the enhanced convective mixing supplies more nutrients resulting
in enhanced diatom blooms and therefore Noctiluca bloom’s intensity (Gomes et al., 2018). In
contrast, the weakening of convective mixing may result in the pumping of fewer nutrients to the
surface and low diatom biomass, which may lead to a decrease in prey availability and a
decrease in Noctiluca biomass (Gomes et al., 2018). Goes et al. (2020) reported that winter
convective mixing is weakened in the recent decade, in contrast, Noctiluca blooms were
intensified. Since convective mixing and Noctiluca blooms were inter-connected, as the intensity
of mixing determines the prey concentration, a more robust explanation is required to understand
potential reasons responsible for the recent increase in Noctiluca abundance in the northern AS.
We made here an attempt to understand the long-term variability in winter convective mixing
and phytoplankton biomass in the AS over a period of 4 decades (1979 - 2019) by analyzing data

from remote sensing, model and Argo floats data.
2. Data and Methodology

Data from multiple sources were utilized to carry out the present study. ERA-Interim monthly
reanalysis data of Air Temperature (AT), Sea Surface Temperature (SST), and winds were taken
from ECMWEF (European Centre for Medium-Range Weather Forecasts) with a grid resolution
of 0.25 x 0.25° during the period 1979 to 2018.



Total aerosol optical depth (AOD) data at 470 nm, 550 nm, and 860 nm wavelengths were
obtained from are obtained from moderate resolution imaging spectroradiometer (MODIS) Terra
satellite collection 6.1 and level 3 from 2001 to 2019
(https://ladsweb.modaps.eosdis.nasa.gov/search) at 1 x 1° resolution. The fine mode fraction of

AOD was computed following Levy et al (2013). The anthropogenic fraction of AOD from total
AOD was estimated following Kaufman et al. (2005a, b). The complete procedure and
assumptions used in these estimations were given in Yadav et al. (2021). The errors in the total
AOD and anthropogenic AOD are +0.03+5% of AOD and +0.05+8% of AOD respectively (Wei
et al. (2019).

Mixed layer depth (MLD), defined as the depth where the buoyancy difference with respect to
the surface is equal to 0.03 cm s, is obtained from the Global Ocean Data Assimilation System
(GODAS) with a grid of 1° x 1/3° resolution for the period 1980 to 2018. Reanalysis data of
salinity and D20 was downloaded from the Asia-Pacific Data Research centre
(http://apdrc.soest.hawaii.edu/data/data.php?discipline_index=2) during the period 1979 to 2018

with monthly interval and 1 x 1° grid spatial resolution. This data was provided by European
Centre for Medium-Range Weather Forecast (ECMWEF) estimates the oceanic state via the
operational system OCEANS5. The OCEANS5 system was used for the production of Ocean
Reanalysis System 5 (ORAS5) which provides the historical ocean state from 1979 to the
present. Specific humidity of air, latent heat flux and net heat flux data with a resolution of 1° x
1° grid for the period 1970-2019 were taken from the newly developed global Tropical air-sea
heat fluxes (TropFlux; Kumar et al., 2012). Monthly averaged chlorophyll-a (Chl-a) data with a
resolution of 9 km were obtained from the MODIS-Terra satellite (from 2001 to 2019)

(https://oceandata.sci.gsfc.nasa.gov).

The difference between SST and AT (8T) is calculated to understand whether sensible heat
transfer is from the ocean to the atmosphere or vice versa. Positive 0T indicates loss of heat
through sensible heat flux from the sea surface. The saturation-specific humidity of air (gs) at sea
surface temperature is estimated with the following equation:

_ (0.622 * eg)
~ (p—0.378 % ey)

s
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p is surface pressure and ey is the saturation vapour pressure of air at SST and it is estimated
using e, = T4 + 108+ C/Ta) where T, is water temperature (or SST) in Kelvin and the
constants A = -4.928; B = 23.55; and C = -2937. The difference in specific humidity (69 = qs -
ga) is calculated as the saturation specific humidity of water (qs) minus specific humidity of air
(0a) as a proxy to the moisture transfer flux or evaporation across the sea surface. Positive 5q

indicates the loss of moisture or water vapour through evaporation from the sea surface.
3. Results
3.1. Spatial variations in SST, MLD, and Chl-a in the AS

Figure 1 shows the spatial variability in climatological mean SST, MLD and surface Chl-a
during winter. Significant cooling was noticed north of 18°N associated with deepening of MLD
and increase in Chl-a (Fig. 1a-c). Madhupratap et al. (1996) reported that significant convective
mixing occurs north of 15°N in the AS and its impact decreases towards the south. While we
discussed the spatial variability in trends in physical and biogeochemical properties, we analyzed
time series variability in the core convective mixing zone of 18-22°N and 62-68°E (shown by a
box in Fig. 1) during winter (December, January and February; DJF) to evaluate the long-term

changes.
3.2. Spatial variability in long-term trends in AT, SST, and 6T

The long-term trends in Air Temperature (AT) during winter displayed strong spatial variability
from 1979-to 1993 and 1994-to 2018 in the Arabian Sea (Fig. Sla-b). A significant warming
trend of 0.5°C/decade in AT was observed in the northern AS from 1979 to 1993. Even though
the increasing trends were noticed in the southern AS but they were statistically insignificant
from 1979-to 1993. In contrast, cooling trends (-0.2°C/decade) were noticed in the central and
western AS and warming trends in the eastern AS from 1994 to 2018 (Fig. Sla,b). Similarly, the
trends in AT and SST were almost uniform from 1979-to 1993 and 1994 to 2018 in the AS. The
SST displayed a significant warming trend of 0.3-0.5°C/decade in the entire Arabian Sea from
1979 to 1993, except for a small region in southeastern AS, in contrast, weak cooling trends were
noticed in the western AS and warming trends in the eastern AS (Fig. S1c,d). The difference
between SST and AT (8T) showed decreasing trends in the northern (north of 12°N) and eastern

AS whereas a weak increasing trend in the south of 12°N and southwestern AS is found from



1979 to 1993 (Fig. 2a). In contrast, a strong warming trend was observed off Somalia in the
southwestern AS and weak warming trends in the western whereas weak cooling trends in the
eastern AS from 1994 to 2019 (Fig. 2b).

3.3 Long-term variability in AT, SST and SSS in the selected region in the northern AS.

AT displayed significant warming trend (0.59°C/decade) from 1979 to 1993 but this trend was
insignificant from 1994 to 2018 (Table 1; Fig. 3a). The monthly mean AT from December to
February (Supplementary Fig. S2-4; Table 1) displayed a significant increasing trend from 1979-
to 1993 (0.52-0.60°C/decade) and an insignificant trend was noticed from 1994 to 2018 (Fig. 2a;
S2-S4). Similarly, an increase in the rate of warming of the sea surface was noticed from 1979 to
1993 (0.41-0.69°C/decade mean of 0.54°C/decade) and an insignificant trend was observed from
1994 to 2018 (Table 1; Fig.3b and Supplementary Fig. S2-S4). The mean sea-to-air temperature
difference (8T = SST-AT) during winter displayed an insignificant decreasing trend (-
0.05°C/decade) from 1979 to 1993 whereas it increased significantly (+0.1°C/decade) from 1994
to 2018 (Fig. 3c). The winter means SSS decreased at a rate of -0.09 /decade from 1979 to 1993
whereas insignificant trends were noticed from 1994 to 2018 (Fig. 3d) (Table 1; Supplementary
Fig. S2-4).

3.4. Long-term variability of wind, mixed layer depth, depth of 20°C isotherm (D20) and heat

fluxes

The winter mean trends in windspeed showed decreasing trends in the north and south but a
weak increasing trend in the central AS from 1979 to 1993 (Fig. 2c), in contrast, a strong
increasing trend in the southwestern AS and a weak increasing trend in the rest of the AS during
1994-2018 (Fig. 2d). The decreasing (shallowing) trend in mixed layer depth (~5m/decade; Fig.
Sle) was noticed in the entire AS except the east coast of India, central and western AS (1979-
2018) whereas insignificant trends were noticed during 1994-2018, except in the southern AS,
where the significant decrease was observed) (Fig. S1f & Fig. 2d). MLD displayed a significant
decreasing trend from 1979 to 1993 (-7.8 m decade™) but this trend is statistically insignificant
from 1994 to 2018 in the selected region in the northern AS (Tablel, Fig. 3f).

The D20 displayed a significant decreasing (shallowing) trend in the entire AS, except in the
central AS from 1979 to 1993 whereas a significant increasing (deepening) trend was noticed in
the entire AS, except the southwestern region, from 1994 to 2018 (Fig. S1g,h). The D20 did not



display a significant trend in the northern AS but it was deepened at a rate of ~6.7 m decade™
(Fig. 3e) from 1994 to 2018. In addition to this, the D20 derived from Argo floats data was also
compared with model data between 2004-2018 when Argo data are available. The rate of
deepening of D20 during 2004-2018 was 17.7 m decade™ based on Argo’s data whereas it was
12.6 m decade™ by the model during the same period (Fig 3e).

The mean product of saturated minus air specific humidity (5q) during winter showed a
decreasing trend in the northern and central AS whereas an increasing trend in the southern AS
from 1979 to 2013. In contrast, an increasing trend in the northern and central AS and decreasing
trend in the southern AS was noticed from 1994 to 2018 (Fig. 2e,f). The &q did not display a
statistically significant trend in the selected region in the northern AS (Table 1, Fig. 3d). The
evaporation quantity can be explained through latent heat flux from the sea to the atmosphere
and it showed an increasing trend (decrease in evaporation) in the northern AS, and decreasing
trend (increase in evaporation) from 1994 to 2018 (Fig. 2g,h). The trends in winter mean net
heat flux displayed an increasing trend (decrease in heat loss) during winter between 1979 and
1993 (11.07 W m decade™) with a relatively lower increasing trend in February (1.4 W m?
decade™) than in December and January (16.45-17.69 W m decade™) whereas it was decreased
(increased net heat loss) between 1994 and 2018 (-3.24 Wm decade™) (Table 1).

3.6. Long-term variability in AOD

Total AOD in the AS varied between 0.1 and 0.5 (Fig. 1d) and it was relatively higher during
winter and lower during summer. Increasing trends in both total and anthropogenic AOD were
noticed in the northern AS from October to February (Fig. 4 and 5). The long-term trends in the
total and anthropogenic AOD during December, January, February and the mean of winter
displayed a significant increasing trend in the selected region (Fig. 6). Wind speed from October
to February is from the northeast (terrestrial to marine) whereas wind blows from marine to
terrestrial during other months (Fig. 4). The rate of increase in total and anthropogenic AOD
varied between 0.04 to 0.07 and 0.03 to 0.08/decade from December to February with winter
mean rate of increase of 0.05 and 0.07/decade respectively (Fig. 6).

3.7. Long-term trends in Chl-a

The spatial distribution of Chl-a during winter in the AS was shown in Figure 1c, which

displayed significant meridional variability. Higher (>1 mg m=) Chl-a concentration was



observed in the north of 18°N and steeply decreased by 10 times towards the south (south of
18°N). The increasing trends in Chl-a were observed in the northwestern AS whereas the
decreasing trend was in the northeastern AS. The trends in the entire AS were statistically
insignificant (Supplementary Figure S5). Within the selected box, the seasonal mean surface

Chl-a did not show any statistically significant trends between 2001 and 2019 (Table 1, Fig. 3g).
4. Discussion

4.1. Potential mechanisms responsible for decadal variability in winter latent and net heat flux in
the northern AS

Contrasting spatial trends of AT (Fig. Sla-b), SST (Fig. S1c-d), 6T (Fig. 2a-b), winds (Fig. 2c-
d), 8q (Fig. 2e-f), latent (Fig. 2g-h) and net heat flux (Fig. S1i-j) were noticed in winter between
1979 to 1993 and 1994 to 2018. For instance, AT and SST displayed an increasing trend in the
entire AS from 1979 to 1993, in contrast, cooling trends in the west and warming trends in the
east were noticed between 1994 and 2018. Roxy et. al. (2015) reported >0.1°C in SST raise per
decade between 1901 and 2012 in the summer season (June-September) in southwestern AS. Our
study noticed an increase in SST by 0.5°C/decade between 1979 and 1993 during the winter
season suggesting that the rate of warming is not uniform with reference to season and space in
the AS.

Though an insignificant rate of warming in AT and SST was noticed during 1994-2018 in the
northern AS, the trends in 3T were positive (increasing) trends compared to negative trends
during 1979-1993 suggesting that the sea surface was warming over the atmosphere during
former than latter period (Fig. 2a,b). Weakening of winds associated with decreasing trends in 5q
resulting in increasing rates in latent heat flux suggests a decrease in evaporation during 1979-
1993 than 1994-2018 (Fig. 2c-h). The net heat flux suggests the ocean lost less heat to the
atmosphere from 1979 to 1993 than from 1994 to 2018 (Fig. S1 i-j). These results suggest that
the AS lost more heat to the atmosphere during winter in 1994-2018 than in 1979-1993.

The difference in 8T from 1979 to 1993 and 1994 to 2018 is mainly caused by variations in the
AT. The warming trends in winter mean AT was noticed over the northern AS between 1979
and 1993 (+0.59°C/decade) and an insignificant cooling trend was observed between 1994 and

2019 (-0.05°C/decade) indicating a secular decadal variability in AT (Fig. 3a) with relatively



weaker warming during the latter than former period. Kothawale and Kumar (2002) reported
warming of AT over the Indian subcontinent at the rate of +0.27°C per decade between 1971 and
2000 and it is consistent with our observations as it falls between 1979-1993 (+0.59°C/decade)
and 1994-2019 (-0.05°C/decade). The warming of AT between 1979 and 1993 is consistent with
the beginning of industrialization in South and Southeast Asia. Kurokawa and Ohara (2020)
estimated long-term historical trends in air pollutants in Asia and noticed a significant increase in
air pollution in the past 6 decades. The rate of increase in pollution was at a lower rate between
1970 and 1990 when industrialization was initiated in this region as reflected in the economic

situation (https://www/worldbank.org/) and rapidly increased from the 1990s to the present. The

rate of increase in pollutants over China peaked in 2015 and decreased afterwards whereas the
emission from India and other Southeast Asian countries increased along with economic growth
and motorization (Kurokawa and Ohara, 2020). Numerous studies revealed that atmospheric
aerosols directly affect the surface radiation budget by absorbing and scattering the incoming
solar radiation and modifying cloud microphysical properties (Towmey, 1977; Yu et al., 2006;
Andreae and Rosenfeld, 2008; Boucher et al., 2013). Recently Sarin et al. (2021) noticed the
mean warming of the sea surface by 0.83°C in the central and north-western Bay of Bengal
during 2020 (COVID-19 pandemic lockdown period) than the climatological mean of 2003-
2019. They estimated that about 30% of this warming was attributed to reduced inputs of
atmospheric aerosols. The initial rate of increase in atmospheric pollutants (1979-1993)
enhanced AT due to the trapping of outgoing radiation. The rapid increase in pollutants into the
atmosphere from 1994 to 2019 leads to the formation of Asian Brown Clouds (Ramanathan et
al., 2001) that inhibited part of the incoming radiation to reach the lower atmosphere. The
decrease in AT during recent decades (1994-2019) is consistent with an increase in both total
(0.05/decade) and anthropogenic AOD (0.07/decade; Fig. 6) and it is slightly higher than that
from 2001 to 2009 (0.06; Zhang and Reid, 2010). The anthropogenic AOD contributed to ~50-
80% of total AOD in the northern AS during winter suggesting that the rapid increase in AOD is
contributed by industrial activities over the Indo-Gangetic Plain (IGP; Kumar et al., 2008;
Srinivas et al., 2013). Sarin et al. (2021) found that an increase in 1 unit of AOD cools the
atmospheric temperature by 1.25°C and 1.64°C in the Equatorial Indian Ocean and Bay of
Bengal respectively due to variability in the aerosol loading. The rate increase in AOD between
2001 and 2018 was 0.05/decade (Fig. 6) and it accounts for an increase of 0.125 for 25 years
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(1994-2018), assuming the rate is similar between 1994 and 2018. Using the mean of the slope of
AOD to SST (1.4°C)/1 unit AOD) in the Bay of Bengal and Equatorial Indian Ocean, the
decrease in AT due to an increase in AOD accounts for 0.18°C over the AS. This is close to that
of the mean decrease in AT observed between 1994 and 2018 of 0.25°C (at the rate of 0.01°Cly;
Fig. S1b). The assumption of slope between AOD and SST from the Bay of Bengal and
Equatorial Indian Ocean may be reasonable as the same source of pollutants spread over the

northern Indian Ocean.

Recently Goes et al. (2020) observed a decline in the snow cover over the Himalayan region
between 1980 and 2016 resulting in increasing trends in AT. Since the period under
consideration in Goes et al. (2020) falls between the warming period (+0.59°C/decade; 1979-
1993) and the cooling period (-0.05°C/decade; 1994-2019; Table 1), the net trend showed as
weaker warming trend. The recent cooling trend over the Indian subcontinent and northern AS
was also contributed by a significant increase in the frequency and intensity of extreme weather
events, such as cold waves, due to climate change (Pai et al., 2017). The western disturbances
play a crucial role in generating cold waves or bringing the winter rainfall over the Himalayan
region (Dimri et al., 2015; Ratnam et al., 2016). Pai et al. (2017) noticed that the frequency and
intensity of cold waves over the northern Indian subcontinent decreased from 1971-1980 to
1991-2000 whereas it increased in the recent decade (2001-2017). The increase in cold waves
may also be partially responsible for the cooling of AT over the Indian subcontinent and the
northern Indian Ocean in the recent decade during winter (Pai et al., 2017). Even though global
temperatures are increasing, both increases in atmospheric aerosols and cold waves suppress the
rise in the magnitude of long-term trends in AT over the Indian subcontinent, and the northern
Indian Ocean, including the Eurasian Land surface, during winter (Fig. 3a,b). Dong et al. (2014)
found that about 50% of the warming due to greenhouse gases was cooled by atmospheric

aerosols in the northern Indian Ocean during recent decades.

Since ~90% of heat due to global warming is accumulated in the oceans (IPCC, 2013), SST was
increased over the past several decades. Warming of SST was noticed between 1979 and 1993
(+0.54°C/decade) than 1994-2019 (+0.04°C/decade; Fig. 3b) and it is consistent with the higher
atmospheric warming rate (+0.59°C/decade) during former decades (1979-1993) than latter (-
0.05°C/decade; Fig. 3a). The sea-to-air temperature difference (3T) explains the strength of
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winter convective mixing. If this difference is more positive, then the ocean loses more heat to
the atmosphere and vice versa for negative (Kumar and Prasad, 1996). The 8T displayed a
negative trend during 1979-1993 (-0.05°C/decade) whereas a positive trend from 1994 to 2018
(~+0.1°C/decade; Fig. 3c) indicating that more heat was lost to the atmosphere during the latter
than in the former decades. This is further confirmed by a decrease in latent heat and net heat
flux rates (-2.05 and -3.25 Wm™ decade™) between 1994 and 2019 than 1970-1993 (10.19 and
11.07 W m decade™) during winter suggesting that evaporation increased during the former
period leading to strengthening of convective mixing (Table 1; Fig. 3, S1). The specific humidity
also plays a crucial role, apart from net heat flux at the surface, in the strengthening of

convective mixing in the recent decades (1994-2018) in the northern AS.

4.2. Long-term trends in specific humidity and mixing of the upper ocean in the northern AS

during winter

The spatial contrasting sea to atmospheric moisture was noticed between 1979 to 1993 and 1994
to 2018 (Fig. 2e-f). The flux of moisture from sea to atmosphere is dependent on humidity in the
atmosphere. Dry and cool winds from the northeast of the AS can enhance moisture transport
from sea to atmosphere leading to an increase in the density of surface waters that triggers
convective mixing (Kumar and Prasad, 1996; Madhupratap et al., 1996). Based on the
climatological data, northern AS contributes to ~60% of the net evaporation-precipitation (E-P)
during winter to net annual evaporation of 1000 mm/y (Tomczak and Godfrey, 1994). Weller et
al. (1998) reported that mean relative humidity over northern AS was ~70% during winter
favoured high evaporation leading to an increase in surface density and deepening of MLD
(Wiggert et al., 2000). The mean relative humidity during the winter of 1994-2018 was ~78%,
which can trigger convective mixing in the northern AS. The difference in saturation to
atmosphere-specific humidity (5q) explains the evaporation/net loss of the water from the ocean
surface to the atmosphere and it was decreased at a rate of -0.06 g/kg/decade from 1979 to 1993
but increased (+0.14 g/kg/decade; Fig. 2c,d and 3d) from 1994 to 2018 indicating that
evaporation increased in the northern AS during the latter decades. This is consistent with the
decrease in latent heat and net heat fluxes (-2.15 and -3.2 Wm? decade™®, Table 1; Fig. 2g,h) and
a slight decrease in surface salinity (-0.01 /decade; Fig. 3b) from 1994 to 2018 confirming that

convective mixing enhanced in the recent decades.
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The mean winter wind speed displayed decreasing trend at the rate of -0.32 and -0.003
m/s/decade during 1979-93 and 1994-2018 respectively (Table 1 & Fig. 2c-d) and it is 4 times
lower than the value reported by Goes et al. (2020) due to selection of variable regions and
months. The spatial variations in the trends in winds displayed significant increasing trends in
southwestern AS from 1994 to 2018 whereas insignificant trends in the other regions (Fig. 2c,d).
Parvathi et al. (2017) projected a weakened convective mixing at the end of the 21 century
based on Coupled Model Intercomparison Project Phase 5 (CMIP5) models under RCP 8.5 and
4.5 scenarios. The reduction in the interhemispheric sea level pressure gradient weakened the
winds due to the relatively higher warming of the dry Arabian Peninsula than the Southern
Indian Ocean resulting in a weakening of convective mixing. The weak trends in winds during
the present study are for a shorter period (1979-2018) compared to Parvathi et al. (2017)
analysis, which is a projection for the end of the 21% century. Sarma et al. (2013) compared the
different global model performances for pCO: levels and fluxes at the air-sea interface under the
aegis of REgional Carbon Cycle Assessment and Processes (RECCAP) and found that none of
the models is performing well in simulating the seasonal cycle of pCO- in the northern Indian
Ocean due to poor simulation of monsoon currents and mixing. Nevertheless, the weak long-
term trend in winds during the study period indicates that the contribution of winds to change in
evaporation may be insignificant. Based on the trends in latent heat and net heat flux,
evaporation was increased in the recent decades, but it was not significantly contributed by the
winds, in the AS during the study period.

The strengthened convective mixing in the recent decades may deepen the depth of the mixed
layer during winter (Fig. 3f). The spatial variations in trends in MLD did not show specific
trends from 1979 to 1993 whereas the decreasing trend was noticed in the southern AS but no
significant trends in the northern AS. (Table 1; Fig. Sle,f). Goes et al. (2020) reported
shallowing of MLD during winter (January, February and March) at the rate of 2.8 m/decade
during the period between 1980 and 2018. The shallow MLD of 20 to 30 m was reported during
March/April due to strong thermal stratification (Morrison et al., 1998). Due to the addition of
March data in the winter mean computations, shoaling of MLD was noticed (2.8 m/decade) by
Goes et al., (2020). Considering the higher magnitude of uncertainties in MLD data, the long-
term variability in the depth of 20°C (D20) isotherm is examined. The seasonal mean D20
deepened at the rate of 2-6.0m/decade (Fig. S1h) from 1994 to 2018 in the AS whereas
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insignificant trends were noticed, except for a small pocket in the central AS, from 1979 to 1993
(Fig. S2g). The mean rate of deepening of D20 was 6.7 m/decade in the selected region in the
northern AS (Table 1) and no significant trend was observed from 1979 to 1993 (Fig. 3e). In
addition to this, the measured D20 by Argo floats data suggested that D20 shallowed at the rate
of 12.6 m/decade between 2004 and 2018 and it is consistent with modelled data (17.7

m/decade) indicating that convective mixing was strengthened during recent decades (Fig. 3e).

In summary, cooling of AT due to atmospheric aerosols and cold waves and warming of SST
enhanced the difference in sea-to-air temperature gradient associated with larger sea-to-air
specific humidity difference (leading to increased evaporation) contributing to an increase in net
heat flux to the atmosphere from the northern AS during 1994-2018. The variability in air-sea
interactions strengthened the convective mixing in recent decades. This may result in enhanced
input of nutrients to the photic zone through entrainment.

4.3. Trends in surface Chlorophyll-a due to variation in convective mixing in the northern AS

The variability in the surface Chl-a is mainly dependent on the availability of nutrients and
mixing. The deepening of the mixed layer is an indicator of the input of nutrients to the surface
layer. An increase in nitrate concentrations (>2 uM) was reported during winter in the northern
AS (Madhupratap et al., 1996; Morrison et al., 1998; Prakash et al., 2017; Sarma et al., 2019).
The trends in winter mean surface Chl-a varied between -0.04 and +0.03 mg/m3/decade but they
are not statistically significant (Supplementary Figure S5). The rate of increasing trends was
relatively higher (0.05 mg/m®/decade) during February than in other months (Table 1;
Supplementary Figure S4g). The rate of increase in Chl-a is contrasting to that of sea-air
temperature difference, which was the least during February (0.02°C/decade) compared to that in
December (0.15°C/decade) and January (0.11°C/decade) indicating the weaker mixing in
February led to increasing the stability of water column and formation of Noctiluca blooms
(Xiang et al., 2019; Table 1; Fig. S2-4). Sarma et al. (2019) reported that Noctiluca scintillans
blooms occur in the middle of February associated with shallowing of the mixed layer due to
westward advection of coastal waters and low silicate concentrations (Prakash et al., 2017; Xiang
et al., 2019). Though Noctiluca does not require nutrients, diatoms are their preferred prey for
them hence they mostly develop following diatom blooms (Kiorboe and Titelman, 1998;
Dwivedi et al., 2015; Gomes et al., 2018). Therefore, enhanced convective mixing increased the
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availability of nutrients, including silicate, that lead to the enhanced abundance of diatom in
recent decades, which acted as prey for Noctiluca resulting in enhanced Noctiluca blooms. In
addition to this, anthropogenic aerosols bring a significant amount of nitrogen and iron to the
northern AS during winter and support phytoplankton biomass. Guieu et al. (2019) estimated that
atmospheric deposition of nitrogen and iron enhances primary production by 22% during winter.
The rate of anthropogenic AOD was noticed during winter (Fig. 5 and Table 1) indicating that
more nutrient deposition is possible from the atmosphere resulting in an increase in
phytoplankton biomass in the recent decades. Therefore, the increase in phytoplankton biomass
in the recent decades may be contributed by both strengthening of convective mixing and
deposition of nutrients from the atmospheric dry deposition in the northern AS that supported

enhanced Noctiluca scintillans blooms in the northern AS.

The enhanced phytoplankton biomass in recent decades may enhance the sinking of carbon
fluxes to subsurface layers, which may lead to the intensification of OMZ. Banse et al. (2014)
reported depletion of oxygen in the OMZ by 0.19 uM/y during winter from 1959 to 2004
between 15 and 20°N and it is consistent with an increase in Chl-a in the recent decades (Table
1). Therefore, this study strongly points out that winter convective mixing has strengthened due
to a decrease in AT caused by an increase in atmospheric aerosols and cold waves increasing
phytoplankton blooms, leading to the formation of mixotrophic Noctiluca scintillans in the
northern AS.

Summary and Conclusions

Long-term variability over 4 decades (1979-2018) suggests that significant cooling of AT was
observed during winter between 1994 and 2018 whereas significant warming was noticed during
1979-1993 associated with a significant increase in atmospheric aerosols in the former period
due to rapid industrialization in the South and Southeast Asia. In contrast, SST was warmed
during the entire study period (1979-2018, except in February) with relatively higher warming
during 1979-1993 than 1994-2018 but the warming/cooling rates are not statistically significant
during 1994-2018. The difference between SST to AT decreased from 1979-to 1993 but
increased from 1994-to 2018. Based on the increase in the difference between SST and AT,
specific humidity difference (8q), net surface heat flux loss, and trends in latent heat flux
associated with the deepening of D20, it is clear that winter convective mixing strengthened in
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the recent decades (1994-2018) than it was hitherto hypothesized as weakened due to reduction
in snow cover over the Eurasian land. The deepening of D20, under the influence of convective
mixing, enhanced nutrient concentrations into the euphotic zone increasing phytoplankton
biomass, mainly diatoms. In addition to the increased nutrient input due to the strengthening of
convective mixing, the dry depositional flux of nutrients (nitrogen and iron) from atmospheric
aerosols also contributed to an increase in phytoplankton blooms that result in the enhanced

intensity of Noctiluca sintillans blooms in the northern AS in the recent decades.
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Table 1: The rate of decadal variability in different physical, meteorological and phytoplankton
biomass properties in the northern Arabian Sea (18-22°N and 62-68°E) for December, January
and February and winter season (DJF) for each of two different decadal periods during (1979-
2018). Slopes are in per decade. **** *** ** * represents p < 0.001, 0.01, 0.05, 0.1 respectively

Parameter Period Slope per decade
Dec Jan Feb DJF
AT (°C) 1979-1993 0.661** | 0.520** | 0.690* 0.587**
1994-2018 | 9pe0  |-0.081 |-0.046 | -0.054
SST (°C) 1979-1993 0.411* 0.523** | 0.691** | 0.535**
1994-2018 0.092 0.024 -0.027 0.043
5T (°C) 1979-1993 -0.251** | 0.003 0.001 -0.052
1994-2018 0.152* 0.105* 0.019 0.098*
1979-1993 -1.298 4.186 4.831 -1.242
D20 (m) 1994-2018 6.397*** | 5.928%** | 5g0g**x [ g G76%**
Salinity (ps) 1979-1993 -0.088* | -0.053 -0.070* | -0.088**
1994-2018 0.003 -0.012 -0.015 -0.009
Wind (mfs) 1979-1993 -0.190 -0.202 -0.150 -0.315
1994-2018 0.045 -0.190 0.171 -0.003
0a (g/kg) 1979-1993 0.939** | 0.876* 0.627 0.708*
1994-2018 -0.189 -0.067 -0.037 -0.082
. 1979-1993 -0.422 -0.253 0.183 -0.062
1994-2018 0.319 0.094 0.004 0.141
LHF (w/m?) 1979-1993 17.18 12.15 0.49 10.19
1994-2018 9.7 5.02 -3.46 -2.05
Net Heat Flux 1979-1993 16.456 17.692 1.475 11.079
(W/m?) 1994-2018 -9.631 5.759 -7.165 -3.247
MLD (m) (c00AS 1979-1993 5.127* | -6.031 -7.818 -7.848%*
1994-2018 -0.868 -0.613 -0.453 -1.093
MLD (m) (cMems) | 1994-2018 1.14 1.12 1.82 1.15
Chl-a (mg/m?) 2001-2018 -0.028 -0.0008 | 0.046 -0.046
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Legend to figures

Figure 1: Spatial variations of mean winter season (DJF, 2001-2019) a) SST (°C), b) GODAS-
MLD (m), ¢) concentration of Chl-a (mg/m®) and d) AOD in the Arabian Sea. The black box
region denotes the region considered for time-series analysis.

Figure 2: Long-term spatial trends (per decade) of difference of SST and Air temperature (a, b),
wind (c, d), the difference of sea to air specific humidity (e, ), and latent heat flux (g, h) between
1979 and 1993 (left panel) and between 1994 and 2018 (right panel). The solid black line
represents the value of p is 0.1.

Figure 3: Long term mean trends of (a) Air Temperature (AT, °C), (b) Sea Surface Temperature
(SST, °C, left axis), and Sea Surface Salinity (SSS, right axis; red in color) (c) Temperature
difference between SST and AT (8T, °C), (d) Specific humidity difference at sea surface and air
(69, g/kg), (e) D20 (m), (f) MLD (left axis for GODAS (black in color) and right axis for
CMEMS (red in color), and (g) Chlorophyll-a in the selected region in Figure 1 during winter.
Note: slopes given per decade and ***, **, * represents p < 0.01, 0.05, 0.1 respectively

Figure 4: Monthly Seasonal mean rate of increase (positive) or decrease (negative) of Total AOD
overlaid with wind vectors during the period 2001-2019. The box in the figure represents the
present study area.

Figure 5: Monthly Seasonal mean rate of increase (positive) or decrease (negative) of
Anthropogenic AOD during the period 2001-2019. The thick black line represents a 90%
significant line. The box in the figure represents the present study area.

Figure 6: Linear trends of Total (a-d) and Anthropogenic AOD (e-h) in the months of
December, January, February and winter seasonal mean (DJF). Corresponding slopes and p-
values are given for each trendline.

24



Figure 1: Spatial variations of mean winter season (DJF, 2001-2019) a) SST (°C), b) GODAS-
MLD (m), c) concentration of Chl-a (mg/m®) and d) AOD in the Arabian Sea. The black box
region denotes the region considered for time-series analysis.
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Figure 2: Long term spatial trends (per decade) of difference of SST and Air temperature (a, b),
wind (c, d), difference of sea to air specific humidity (e, f), and latent heat flux (g, h) between
1979 and 1993 (left panel) and between 1994 and 2018 (right panel). The solid black line
represents the value of p is 0.1.
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Figure 3: Long term mean trends of (a) Air Temperature (AT, °C), (b) Sea Surface Temperature (SST,

°C, left axis), and Sea Surface Salinity (SSS, right axis; red in color) (c) Temperature difference between

SST and AT (8T, °C), (d) Specific humidity difference at sea surface and air (6, g/kg), (e) D20 (m), (f)
MLD (left axis for GODAS (black in color) and right axis for CMEMS (red in color), and (g)
Chlorophyll-a in the selected region in Figure 1 during winter. Note: slopes given per decade and ***,
** * represents p < 0.01, 0.05, 0.1 respectively
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Figure 4: Monthly Seasonal mean rate of increase (positive) or decrease (negative) of Total AOD

overlaid with wind vectors during the period 2001-2019. Box in the figure represents present

study area.
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Figure 5: Monthly Seasonal mean rate of increase (positive) or decrease (negative) of Anthropogenic
AOD during the period 2001-2019. Thick black line represents 90% significant line. Box in the figure
represents present study area.
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Total AOD

Figure 6: Linear trends of Total (a-d) and Anthropogenic AOD (e-h) in the months of

December, January, February and winter seasonal mean (DJF). Corresponding slopes and p-values
are given for each trendline.
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Supplementary Figures:

Figure S1: Long term spatial trends (per decade) of Air temperature (a, b), SST (c, d), MLD (e,

f), D20 (g, h) and net heat flux (i, j) between 1979 and 1993 (left panel) and between 1994 and
2018 (right panel). The solid black line represents the value of p is 0.1.
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Figure S2: Long term trends of (a) Air Temperature (AT, °C), (b) Sea Surface Temperature (SST, °C, left
axis), and Sea Surface Salinity (SSS, right axis; red in color) (c) Temperature difference between SST and
AT (8T, °C), (d) Specific humidity difference at sea surface and air (8¢, g/kg), (e) D20 (m) from ORAS5
(black in color) and Argo (red in color), (f) MLD (g) Chlorophyll-a in the month of December. Note:
slopes given per decade and ***, ** * represents p < 0.01, 0.05, 0.1 respectively
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Figure S3: Same as in Figure S1 for the month of January. Corresponding slopes and p-values are given
for each trendline. ***, ** * represents p < 0.01, 0.05, 0.1 respectively
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Figure S4: Same as in Fig. S1 for the month of February. Corresponding slopes and p-values are given
for each trendline. ***, ** * represents p < 0.01, 0.05, 0.1 respectively
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Figure S5: Long term spatial trends of chl-a (mg/m3/y) in the Arabian Sea
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