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Abstract

The tropical marine boundary layer represents a dynamic region where
ocean-atmosphere exchange governs the composition of reactive trace gases,
chemistry-climate interactions, and marine biogeochemical cycles. Air—sea
exchange of trace gases links ocean biogeochemistry to atmospheric chem-
istry and climate. This exchange regulates the sources and sinks of reactive
species, and play a crucial role in modulating aerosol formation, cloud prop-
erties, and radiative forcing in the lower troposphere. Among the biogenic
reactive trace gases in the marine atmosphere, dimethyl sulfide (DMS) and
isoprene are particularly important due to their roles in the formation of

non-sea-salt-sulfate and secondary organic aerosols, respectively.

This thesis presents the first comprehensive investigation of the sources
and atmospheric chemistry of DMS and isoprene in diverse marine en-
vironments of the northern Indian Ocean. The northern Indian Ocean
includes the basins of the Arabian Sea and the Bay of Bengal, as well
as marginal seas such as the Andaman Sea and the Laccadive Sea. The
diverse biogeochemical regimes across these basins are uniquely character-
ized by seasonally reversing monsoonal circulation, coral reef ecosystems,
and continental outflows. Several modelling studies have highlighted that
the northern Indian Ocean is an important source of DMS due to high
biological productivity and favourable meteorological conditions. However,
we still lack in situ measurements of DMS and other reactive trace gases
over the northern Indian Ocean. Although elevated levels of isoprene have
been reported over the Arabian Sea, the role of sources and processes
controlling its level in the marine boundary layer (MBL) of the northern

Indian Ocean is not well understood.

We conducted the first high-resolution continuous shipborne in situ mea-
surements of DMS and isoprene in the MBL of the northern Indian Ocean
during the post-monsoon season. The campaigns covered the open ocean

and coastal regions of the Arabian Sea, Bay of Bengal, Andaman Sea,
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and the coastal waters surrounding Sri Lanka and the Laccadive Sea.
By integrating high-resolution atmospheric measurements with concurrent
oceanographic and meteorological observations, we examined the mecha-
nistic drivers of spatial and temporal variability of DMS and isoprene
emissions, their dependence on biological and physical processes, and their

implications on the atmospheric chemistry.

The atmospheric DMS mixing ratios over the Arabian Sea varied in the
range of 20-709 ppt during the post-monsoon season of 2021. The mea-
surements over the southeast (98 +87 ppt) and northeast (116 + 120 ppt)
coastal regions exhibited significantly higher levels than the oligotrophic
central Arabian Sea (62+53 ppt), driven by a combination of elevated
chlorophyll-a, under high sea surface temperatures (SST) and lower salin-
ity, and calm winds. DMS showed strong diurnal variability with elevated
concentrations during early morning and evening, particularly in coastal
zones. The daytime decline of DMS was attributed mainly to the OH
oxidation, while the role of nighttime radical chemistry was noticeable in
polluted coastal air masses. Overall, the DMS variability was found to
be sensitive to the changes in meteorological and sea surface parameters,
including salinity gradients associated with localized upwelling. Despite
relatively low phytoplankton biomass in the post-monsoon period, estimated
DMS fluxes of ~11 gmol m—2 d~! were ~3 times higher than the values
reported two decades ago, suggesting a possible role of changing environ-

mental conditions in DMS emissions from the Arabian Sea.

Over the Bay of Bengal and Andaman Sea, distinct regional differences
in the DMS mixing ratios were observed, with higher values in the An-
daman Sea (112 + 68 ppt) compared to west-east (77 + 24 ppt) and east-west
(103 + 37 ppt) longitudinal transects across the Bay of Bengal. The ori-
gin of the air masses strongly influenced the DMS levels measured along
the longitudinal transects over the Bay of Bengal. The higher DMS were
associated with oceanic air masses with high chlorophyll exposure values,
while continental outflows diluted the DMS concentration and led to lower
background concentrations (~47 ppt). The diurnal and short-term DMS
variability reflected the interplay of oxidation chemistry, atmospheric dilu-
tion, and downdraft events. The role of biological factors with variations
in nutrient concentrations and phytoplankton composition (e.g., picophyto-
plankton, diatoms) influencing the regional DMS emissions was also evident.
The estimated DMS fluxes (3.5+ 1.2 pymol m=2 d~!) over the open ocean
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are consistent with climatological data but notably higher than previous
estimates reported for the post-monsoon season. However, based on the
extrapolations of the fluxes over the Arabian Sea and Bay of Bengal, we
estimated an annual DMS flux of ~1.21 Tg S yr—! from the northern Indian

Ocean.

The thesis also highlights the emissions from the coral reefs as an
important localized source of DMS in the Andaman Sea and southern
coastal regions of the Indian subcontinent. During the low tide and elevated
SST conditions, DMS fluxes from coral reefs reached ~0.5 ymol m~2 hr!
in the Andaman Sea, translating to an estimated annual sulfur emission
of ~1.43 Gg S yr! from the coral reefs of the Andaman and Nicobar
Islands. The enhanced DMS levels (>200 ppt) over the coastal regions of
northeast Sri Lanka and southwest India were measured in the vicinity
of coral reefs and favourable tidal conditions, emphasizing the role of reef-
associated processes in modulating regional sulfur emissions. The DMS
concentration shows a stronger dependence on atmospheric dilution than
on the ocean productivity over the Laccadive Sea. Under the influence of
terrestrial outflow, the higher OH reactivity of isoprene also influenced the
DMS oxidation chemistry and diurnal variability along the coastal waters
of Sri Lanka. This interaction between land outflow and ocean emissions
may significantly affect the composition of secondary aerosols in coastal

marine air.

In contrast to DMS, high-resolution in situ measurements of atmo-
spheric isoprene mixing ratio were substantially higher over the Bay of
Bengal (0.82+0.15 ppb) compared to the Arabian Sea (0.44 +0.08 ppb),
and due to regionally distinct source characteristics. Isoprene mixing ra-
tios were higher over the west-east longitudinal transect (0.96 +0.07 ppb)
than 0.62 +£0.06 ppb along the east-west longitudinal transect, associated
with land-influences and marine air mass. Exponential increase of isoprene
with air temperature over the west-east longitudinal transect revealed dom-
inance of terrestrial contributions in elevated isoprene. However, a decline
in isoprene with increasing Chl-a along the east-west transect suggested
potential microbial/chemical consumption in seawater. Coral reef emissions
under disturbed surface physico-chemical conditions influenced the isoprene
levels over the Andaman Sea. Significant contributions of marine isoprene
observed over the Arabian Sea were attributed to photochemical production

at SML, particularly in open ocean regions.
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Overall, these findings presented in this highlight the complex interplay
of physical, chemical, and biological drivers governing the distribution and
atmospheric reactivity of marine DMS and isoprene over the northern
Indian Ocean. The results emphasize the need to account for coral reef
emissions, terrestrial influences, and inter-seasonal variability in regional
sulfur budget estimates, as well as their impact on aerosol-cloud-climate
interactions. The results highlight the importance of accounting for coral
reef emissions, terrestrial influences, and sub-seasonal variability in regional
sulfur budgets and their role in aerosol-cloud-climate interactions. The
detailed datasets of atmospheric DMS and isoprene presented in this thesis
provide valuable inputs for modelling secondary aerosols in both coastal

and open ocean regions of the northern Indian Ocean.

Keywords: Dimethyl sulfide; Isoprene; Air-sea flux; Coral reefs; Terrestrial
outflow; Atmospheric chemistry; Arabian Sea; Bay of Bengal; Andaman Sea;

Laccadive Sea

Xii









Contents

Acknowledgements . . . .. ... .. ... ... ... .. .. ... ..., vii
Abstract. . . . . . . . .. ix
Contents . . . . . . . . . . . . . e XViii
List of Figures . . . . . . . . . . . . . . . . . . e XXV
List of Tables . . . . . .. .. .. ... . ... ... .. .. ... .... XxXViii
List of Abbreviations . . . . ... ... ... ... ... ... . ...... XXiX

1 INTRODUCTION

1.1 Dimethyl sulfide (DMS) .. ... .. ... ... ... ........ 3
1.1.1 Climatic significance of DMS . . . . . ... ... ... ... 4
1.1.2 Production of oceanic DMS . .. ... ............
1.1.3 Fate of DMS in atmosphere . ... ............. 7
1.1.4 Present understanding of DMS flux from the northern

Indian Ocean . ... ... ... ... ... .......... 8

1.2 Isoprene. . . . . . . . . . . e e 10

1.2.1 Present understanding of isoprene emission from the
northern Indian Ocean . ... ................ 12
1.3 Northern Indian Ocean . ... ... ... .............. 14
1.4 Objectives . . . . . . . . . . . . e 16
2 Experimental Techniques and Data Analysis 19

2.1 Analysis of the DMS and NMHCs concentrations . .. ... .. 19
2.1.1 Instrumentation . ... ... ... ... ............ 19

2.2 Experiments onboard ship . ... ... ............... 23
2.2.1 Measurements of DMS concentration . . . ... ... ... 23
2.2.2 Measurement of Co—C¢ and Cs—Cio NMHCs . . . . .. .. 24
2.2.3 Calibration analysis . .. ................... 25

2.3 Auxiliary data . . ... ... ... ... ... ... . 29
2.3.1 Meteorological and physicochemical data . . . . . ... .. 29
2.3.2 Marine picophytoplankton data . ... ... ........ 30
2.3.3 Air mass back trajectory . .. ... ............. 30

XV



2.3.4 Chl-a, SST and wind field distribution maps . . . . . .. 31

2.3.5 Tide height data . . ... ... ................ 32
236 Coral data ... ... ...... ... ... ..., 32
2.3.7 Statistical analysis . ... .. ... ... ........... 33
2.4 Air mass exposure to chlorophyll . .. ... ............ 33
2.5 VC-normalized mixing ratios . . .. ... ... ... ........ 34
2.6 Estimation of DMS concentration in surface seawater . .. .. 35
2.7 DMS flux calculation . . . ... ... ... ... .. ......... 36
2.71 Bottom-up approach . ... ... ............... 36
2.7.2 Top-down approach . . .. ... ... ............. 38

Processes controlling atmospheric DMS variability and fluxes

over the Arabian Sea 39
3.1 Introduction ... ... .. ... ... ... .. ... ... 39
3.2 Ship campaign . . . . . . . . . ... e 42
3.3 Results and Discussion . .. ... .................. 44

3.3.1 Environmental and hydrographic conditions during the
Campaign . . . ... . e e e e e e e e e 44

3.3.2 Time series variation of atmospheric DMS concentration 46

3.3.3 Diurnal variation of atmospheric DMS concentration . . 52

3.3.4 Effect of salinity changes on DMS . ... ... ...... 58

3.3.5 Impact of meteorological and oceanic parameters on
nighttime DMS enhancements . . ... ... ... ..... 62
3.3.5.1 Dilution of DMS in the MBL ... .. ... ... 62
3.3.5.2 Impact of sea surface parameters ... ... .. 64

3.3.6 Influence of seawater nitrate availability on DMS ex-

change . .. ... ... ... ... ... 65
3.3.7 DMS flux and comparison with previous studies . . . . . 67
3.4 Conclusion . . ... ... ... ... ... e 72

Impact of oceanic emission and atmospheric transport on

DMS distribution over the Bay of Bengal 75
4.1 Introduction . . ... ... ... ... ... ... 75
4.2 Ship Campaign . .. .. ... . .. .. .. e 78
4.3 Results and Discussion . .. ... .................. 80

4.3.1 Time series variations of atmospheric DMS concentration 80
4.3.2 Longitudinal variation of DMS along east-west and west-

east transects . . . . . . .. ... . L o 85

XVi



4.3.3 Diurnal variation of DMS . . . . . . ... .. ... ..... 87

4.3.4 Impact of atmospheric instability and convective down-

drafts on DMS variability . . . . .. ... ... ....... 90

4.3.5 Role of picophytoplankton in DMS emissions . . . . . . . 92
4.3.6 Estimation of DMS flux over the Bay of Bengal . . . . . 95
4.3.7 DMS variability across the northern Indian Ocean ... 98

4.4 Conclusion . ... ... .. ... ... ... e 100

5 Effect of DMS emissions from coral reefs around the An-

daman Islands 103

5.1 Introduction . .. ... ... ... ... ... ... ... ... 103

5.2 Results and Discussion . ... ... ................. 105
5.2.1 Impact of coral reef emissions and environmental factors

on DMS variability over the Andaman Sea . . ... ... 105

5.2.2 DMS flux from coral reefs of the Andaman Islands . . . 111

53 Conclusion . .. ... ... ... . ... e 112

6 Variability of atmospheric DMS along the southern coastal

region of the Indian subcontinent 115
6.1 Introduction . ... ... ... ... ... ... ... . ... 115
6.2 Cruise Campaign . . .. ... ... .. .. ... 117
6.3 Results and Discussion . . ... ... ... ... .......... 118

6.3.1 Spatio-temporal distribution of DMS over the study regionl18
6.3.2 Time series of DMS mixing ratio with oceanic and me-
teorological parameters . .. ... ... ........... 121

6.3.3 Impact of atmospheric ventilation and terrestrial outflow

on DMS variability . . . . ... ... ... .......... 124

6.3.4 Diurnal characteristics of DMS mixing ratio . ... ... 128
6.3.5 Impact of continental outflow on the oxidation capacity

of coastal MBL . ... .. .......... . ........ 131

6.4 Conclusion . ... ... ... ... ... ... e 132

7 Sources and processes controlling isoprene distribution over

the northern Indian Ocean 135
7.1 Introduction . .. ... ... ... ... ... ... . 135
7.2 Ship Campaign . . . ... .. .. .. ... e 136
7.3 Results and Discussion . ... ... ... ... .......... 138




7.3.1 Time series of isoprene mixing ratio over the Bay of

7.3.2 Diurnal and short-term variations of isoprene over the
northern Indian Ocean . ... ... ............. 142

7.3.3 Longitudinal dependence of isoprene mixing ratio in the

Bay of Bengal . . ... ... .. ... ... ... .. .... 145
7.3.4 Contributions of surface oceanic processes and terrestrial

outflow . . .. . . . .. ... 148

7.4 Conclusion . ... .. .. ... . ... .. e 150

8 Summary and Scope of Future Research 153
8.1 Summary . . . . . . . ... e e e e e e 153
8.2 Scope of Future Research . . . . .. .. ... ... ......... 158
Bibliography . . . . . . . . . . . .. e 161
List of Publications. . . . . . ... .. ... ... ... ... .. ..... 199

XViii



List of Figures

11

1.2

1.3

14

2.1

2.2

2.3

24

2.5

2.6

Schematic representation of sources and atmospheric chemistry of
reactive trace gases in MBL. Air-sea exchange is represented by blue
arrows, photochemical processes by red arrows, and multistep indirect

mechanisms by dashed arrows. . . . . . .. ... ........... 4

Schematic representation of the CLAW hypothesis. . . . . . . . . . .. 5

DMSP and DMS production mechanisms in seawater. The bottom
panel of the schematic is adapted from Chen & Schéfer, 2019. . . . . 6

Maps of Chl-a concentration (from MODIS-A) and wind field climatol-
ogy (from NCEP/NCAR reanalysis data) for the pre-monsoon (MAM),
Monsoon (JJA), Post-monsoon (SON), and Winter (DJF) seasons for the
period of December 2012 to February 2022 over the northern Indian
OCeAN. . . . & v i e e e e e e e e e e e e e e e e e e e 15

A schematic diagram of the TD-GC system for the analysis of VOCs

in the ambient atmosphere. . . . . . . . . . . . . ... ... ..... 19

Onboard laboratory set-up for ambient air VOC measurements during

the cruise campaigns. . . . . . . . .t v b e e e e e e e e e e e 23

Typical TD-GC-FPD chromatograms obtained from the analysis for (a)
DMS standard gas (~33.07 ppb), and (b) blank sample. . . . . . . . . 26

Laboratory set-up of dynamic dilution system for multipoint calibration. 27

Typical TD-GC-FID chromatograms obtained from the analysis of (a)
NMHCs standard mixture (set at 4 ppb), and (b) blank sample in
Cy-Cs VOC analyzer. . . . . . . v v v v v i i e e e e e e e e e e e 28

The calibration curves for selected (a) C;—Cg, and (b) C4—Ci2 NMHCs. 28

XixX



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Composite maps of (a) Chl-a (mg m-3) and (b) SST (°C), retrieved from
the MODIS-Aqua for the cruise period (1-24 November 2021). The
campaign average near-surface wind vector field (m s~!) overlaid on the
SST map was obtained from the ERA-5 reanalysis data. The numbers
along the cruise track represent the reference date (day of November
2021 at 00 hr; triangles). The oceanographic sampling locations are
shown in (a) (pink squares; annotated in red). The bottom panels (c-e)
are the 5-day backward air mass trajectories over the R1, R2, and R3

regions, respectively. . . . . . . . . . . ... L e

Time series variations of (a) DMS mixing ratio, DMSy ¢, solar flux,
and MODIS-A Chl-a concentration, (b) SST and salinity, and (c, d)
several meteorological parameters along the ship track. The dashed
vertical lines separate the track into three transects of R1, R2, and

R3, as discussed in section 2.1. . . . . . . . . . . ... ... ...,

Linear regression fit between daily means of in situ DMS mixing
ratio and log,-transformed satellite-derived Chl-a concentration in the

Arabian Sea observed during 3-23 November 2021. . . . .. .. ...

Log-log scatter plot of DMS mixing ratio versus chlorophyll exposure of
air masses (E,) along 48-hour back-trajectories. A red vertical dashed
line broadly distinguishes the measurements affected by predominant
contributions from local sources (left) and transport from distant sources

(right). . . . .« e e e e e e e e e e e e e e e

Average (t+1lo) and median diurnal variations of the DMS mixing ratio
and mean solar flux measured over the three different regions of the

Arabian Sea during 3-23 November 2021. . . . . . .. ... ... ..

Wind direction along the cruise track in the coastal region of the
northeast Arabian Sea (19-23 November; R3) overlaid on the campaign
composite MODIS-A Chl-a map. The color of the arrow indicates the

time (hr) of the day, respectively. . . . . . . . .. ... ... ....

Time series of DMS and benzene mixing ratios elucidating the effect
of polluted continental and cleaner marine air masses in the northeast

coastal region of the Arabian Sea during 20-23 November 2021.

Diurnal matrices of hourly DMS mixing ratio (top) and sea surface
salinity (S) gradient (bottom) of the measurements over the Arabian

Sea during 4-23 November 2021. . . . . . . . . . . . . . ...

43

47

56

XX



3.9

3.10

3.11

3.12

3.13

3.14

4.1

Variation of DMS (green), salinity (blue), and SST (red) during the
most noticeable salinity gradient events over the Arabian Sea, including
the dates. (a) 6 November 2021, (b) 17 November 2021, (c) 7 November
2021, (d) 21 November 2021, (e) 9 November 2021, and (f) 22 November

Scatterplots between (a) DMS mixing ratio (all day and night data,
color-coded with local time of the day) and (b) nighttime DMS enhance-
ments (color-coded with Ea) and VC over R1, R2, and R3 transects.

The red curve represents exponential decay fits. . . . . . . . . . . ..

Correlations of DMS mixing ratio (nighttime enhancements) with SST
and salinity over the R1, R2, and R3 transects. The data points are
color-coded with (a) wind speed and (b) air mass chlorophyll exposure

(E,). The black line in each panel represents a linear regression fit.

(a) Variation of DMS mixing ratio with the surface seawater nitrate
concentration sampled at different oceanographic sampling stations, (b)
DMS vs nitrate scatterplot (excluding station L6) with linear regression
fit for all data points. Data points from the coastal (orange) and

oligotrophic open ocean (blue) regions are highlighted. . . . . . . . ..

(a) Time series of atmospheric DMS mixing ratio and solar radiation
flux during 7-22 November 2021. The nighttime build-up of DMSy ¢
during (b) 12-13 November, (¢) 15-16 November, and (d) 18-19 November
2021 over the R2 region in the Arabian Sea. The red line represents
the linear regression fit, and so and s, represent the initial mixing

ratio and build-up rate in the MBL, respectively. . . . . . . . . . ..

Comparison of DMS fluxes reported for different oceanic regions of the
world. Present study?, Shenoy & Kumar, 2007, Yang et al., 2011°,
Marandino et al., 20079, Yang et al., 2011°, Marandino et al., 2009f,
Bell et al,, 20218. . . . . . . . . . . e e e e e e e e

Composite maps of (a) Chl-a (mg m—3) and (b) SST (°C), retrieved
from the MODIS-Aqua for the cruise period (25 September—-14 October
2021). The numbers (yellow triangles) along the cruise track in (b)
represent the reference date (days in September (25-30) and October
(1-14) 2021 at 00 hr LT). Red squares and labels represent the water

sampling station. . . . . . . . . . . .. e e e e e e e e e e

65

XXi



4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Time series variations of (a) DMS mixing ratio, chlorophyll-exposure
of air masses (E,), and solar flux, (b) SST, salinity and Chl-a, (c)
equivalent potential temperature (EPT), wind speed and wind direction,
(d) Temperature, relative humidity (RH), latitude, and longitude over
the Bay of Bengal during 25 September—14 October 2021. . . . . ..

Scatterplot of the nighttime DMS mixing ratios vs wind speed over
the T1, T2, and T3 transects over the Bay of Bengal during 27
September-14 October 2021. Coral influences DMS concentrations over

the Andaman Sea are marked in purple.. . . . . . . . ... ... ..

Longitudinal variations of the DMS mixing over the Bay of Bengal
during the T1 (triangles) and T3 (open square) transects, color-coded
with (a) hour of the day in IST, (b) SST, (¢) salinity, and (d) wind
speed. . . . . e e e e e e e e e e e e e e e e e e e e e e e e e e e

Air mass back-trajectories over the Bay of Bengal during the T1
transect (25-30 September 2021). The inset plot shows the observed
DMS mixing along the track during 29-30 September 2021. . . . . .

The average (+10) and median diurnal patterns of the DMS mixing
ratio and mean solar radiation flux measured in the MBL along (a)
T1 and (c) T3 transects in the Bay of Bengal, and (b) T2 transect in
the Andaman Sea, during 25 September—14 October 2021. . . . . ..

The diurnal features of salinity, SST, and DMS mixing ratio for
selected days over the Bay of Bengal. . . . . . . ... ... .....

The variations in DMS mixing ratios, equivalent potential temperature
(0g), solar flux, wind speed, and wind direction during (a) 28-29
September, (b) 6-7 October, (¢) 8-9 October, and (d) 9-10 October
2021 over the Bay of Bengal. . . . . . . . . . ... ... .......

Scatterplots of the DMS mixing ratio with Synechococcus, Prochloro-
coccus, and combined cell abundance color-coded with (a-c) silicate and
(d-f) nitrate concentrations in the surface seawater at different stations

(S1-S5) in the Bay of Bengal during post-monsoon 2021. . . . . . ..

Time series variations of the DMS mixing ratio and solar flux over
the Bay of Bengal during 25 September-14 October 2021. Red boxes
highlight the nighttime DMS used to calculate the build-up rate
(slope) and mixing ratio (so) at the beginning of build-up for top-down

estimations of DMS flux. . . . . . . . . . . . . . o .

XXii



4.11

5.1

5.2

5.3

5.4

6.1

6.3

6.2

6.4

Comparison of DMS fluxes reported for the different oceanic regions
of the world. [*present study, “¢ Gupta et al., 2025 and references
thereinl . . . . . . . . . . e e e e e e e 99

Diurnal variation of the DMS mixing ratio over the Andaman Sea

(green) and tidal height at the Aerial Bay coast (blue), Andaman Islands105

Time series variations of the DMS mixing ratio and wind direction
over the Andaman Sea and tidal heights recorded at Aerial Bay and

Port Blair stations during 1-8 October 2021. . . . . . . . . . . .. .. 106

(a) Bathymetric map of the Andaman Sea with DMS mixing ratio along
the cruise track, (b) in situ wind vector over measurement location
for the highlighted DMS episode during 6-7 October 2021, and (c)
Invisible Bank and underwater coral data from NOAA. The contours

represent the ocean depth in meters (m). . . ... ... ... .... 108

Coral distribution map of the tropical Indian Ocean, the black circle
represents the air mass back trajectory passage for the observations

during 3-4 October 2021. . . . . . . . . . . . v v i 110

Ship track (black line) over the southern coastal waters of India and
Sri Lanka, and the Laccadive Sea on the MODIS (a) Chl-a and (b)
SST composite maps during 24-31 October 2021. The red circles along
the track represent the measurement date (day of October at 00 hr LT)118

Time series of tide height data at Trincomalee and Colombo stations

in Sri Lanka during different periods of the campaign. . . . . . . .. 119

Variability of (a) DMS mixing ratio, (c) salinity, (d) SST, (e) temper-
ature, and (b, f) wind parameters along the cruise track during the
campaign (27-31 October 2021). AS and BOB in panel (a) represents
Arabian Sea and Bay of Bengal, respectively; (g) coral distribution
around southern parts of the Indian subcontinent, and (h) SSTs,
corals and Estuarine systems near the cruise track (colored with DMS
mixing ratio) in southwest coast of India, highlighted by red rectangle

b2« Y C- ) 120

Time series variations of (a) DMS mixing ratio and ventilation coef-
ficient (VC), (b) SST and Salinity, (c) wind speed and direction, (d)
temperature and relative humidity along with latitude and longitude
along the track over southern coastal regions of the Indian subcontinent

during 27 October—2 November 2021. . . . . . . . . . . v v v v v v .. 122




6.5

6.6

7.1

7.2

7.3

7.4

(a) Variations of measured and VC-normalized DMS and isoprene
mixing ratios. The red rectangle highlights the changes in DMS and
isoprene during the transition from marine to terrestrial winds (28-29
October 2021) over the southern coastal waters of Sri Lanka. (b)
Scatterplot of DMS and DMSyc with isoprene mixing ratios during
the campaign. Exponential fits (p < 0.0001) are given in red solid
and dashed lines for DMS vs. isoprene and DMSy¢ vs. isoprene,
respectively. (c¢) Scatterplot between DMSyc and Isoyc color-coded for

the measurements along the different segments of the cruise track.

VC-normalized DMS (DMSy ), isoprene, and solar flux along the cruise
track over the southern coastal waters of the Indian subcontinent
during 27 October November 2021, and air temperature in Colombo,

Sri Lanka (T.,ombo) during 27-31 October 2021. . . . . . . .. . ...

The ship track, covering two longitudinal transects of (a) T1 (onward,
west to east) and (c) T2 (return, east to west), is color-coded with
the isoprene mixing ratio over the Bay of Bengal measured during 25
September-14 October 2021. The black curves show 48-hour HYSPLIT
back-trajectories (Draxler & Hess, 1998) at 100 m altitude (AMSL)
along both transects. The polar plots of wind parameters (wind speed,
m s_;) and wind direction color-coded with the EPT (K) during the
(b) T1 and (d) T2 transects, respectively. . . . . . . . . . . ... ...

Time series variations of the (a) isoprene mixing ratio, Isoy o, DMS,
(b) SST, salinity, and (c-d) meteorological parameters during onward
(T1, west-east) and return (T2, east-west) transects in the Bay of

Bengal, and the Andaman Sea transect. . . . . . . ... ... ....

The time series variations of isoprene mixing ratio and relative hu-
midity (RH) during the segments of (a) onward (T1, west-east) and (b)

return (T2, east-west) transects over the Bay of Bengal. . . . . . ..

The time series variations of the normalized isoprene mixing ratio to
the daily maximum, and solar radiation flux along (a) onward (T1,
west-east) and (b) return (T2, east-west) transects in the Bay of Bengal,
and (d) southeast, and (e) central Arabian Sea. The red dashed lines
indicate daytime decline. Diurnal variation of (c) normalized isoprene
mixing ratios over the Bay of Bengal, and (f) observed isoprene and

DMS mixing ratios over the Arabian Sea. . . . .. ... ... ....

126

137

XXiv



7.5

7.6

7.7

7.8

Scatter plot between the daily mean DMS and isoprene mixing ratios
over the (a) Bay of Bengal during 27 September-14 October 2021 and
(b) Arabian Sea during 3-24 November 2021. . . . . .. ... . ...
The left panels (a-c) show the relationships between the isoprene mixing
ratio and ambient air pressure in two distinct regimes, representing
predominant influences of continental air (low pressures) and oceanic
air (higher pressures). The right panels (d-f) show the longitudinal
dependence of the isoprene as a function of the Chl-a concentration,
salinity, and SST during the onward (T1, west-east) and return (T2,
east-west) transects over the Bay of Bengal. . . . . . ... ... ...
The dependencies of the isoprene mixing ratio with (a) SST, (b)
salinity, and (c) air temperature along the onward (T1) and return
(T2) longitudinal transects over the Bay of Bengal during September-
October 2021. . . . . . . . o . o e e e e e e
The relations of (a) VC-normalized isoprene (Isoy¢) mixing ratio with
air temperature and (b) isoprene mixing ratio with Chl-a concentration
along the onward and return longitudinal transects over the Bay of
Bengal during September-October 2021. The black curve in panel (a)
shows an exponential fit of all data points. The dotted curves in panel
(b) show linear and exponential fits along the onward and return

longitudinal transects, respectively. . . . . . . . . . ... ... ....

XXV






List of Tables

11

3.1

3.2

3.3

3.4

4.1

4.2

4.3

5.1

Summary of air-sea fluxes and concentrations of isoprene and DMS

reported over the northern Indian Ocean. . . . . . ... ... ...

Region and campaign mean (+standard deviation) of DMS mixing
ratio, meteorological and hydrographic parameters over the Arabian

Sea during 4-23 November 2021.. . . . . . . . . . . .. ... ...

The estimated bottom-up DMS air-sea fluxes (ymol m? d), using
satellite PAR data in F1 method, at different CTD stations along the
cruise track. Concentration of DMS in surface seawater estimated

using GI8. . . . . . . . . e e e e e e e e e e e e e e

The estimated bottom-up DMS air-sea fluxes (ymol m? dl), using
in situ PAR in surface waters (3—5 m) in F1 method, at different
CTD stations along the track. Concentration of DMS in surface

seawater estimated using G18. . . . . . . . . .. ... .00 ...

The DMS air-sea fluxes estimated using the top-down approach over

the central Arabian Sea during the post-monsoon season 2021.. . .

The mean (+ standard deviation) of the DMS mixing ratio, and
meteorological and hydrographic parameters along the three different

transects over the Bay of Bengal during 25 September—14 October

The estimated surface water (depth 2 m) concentrations and air-sea

fluxes of DMS at different CTD stations along the cruise track. . .

The top-down estimates of air-sea fluxes of DMS (Fpys) using the
nighttime build-up of DMS in the MBL. S, represents the nighttime
build-up rate, while Sy, refers to the DMS mixing ratio measured

at the beginning of the build-up period. . . . . . . . . . ... ...

Meteorological conditions at Port Blair, Andaman Islands, during

6—7 October 2021. . . . . . . . . . . e e e e e e e e e e e e




6.1

6.2

8.1

Mean (+ standard deviation) of DMS mixing ratio, meteorological and
hydrographic parameters over eastern and southern coastal waters
of Sri Lanka (SL), Laccadive Sea, Kochi port, and during the entire
campaign (27 October—2 November 2021). . . . . .. .. ... ...
The OH-reaction rate constants and mean (+ standard deviation) of
mixing ratios and OH-reactivity of DMS and isoprene during the

daytime of 28 October 2021. . . . . . . . . . . .. ... ... ...

The key parameters controlling the variability of the atmospheric

DMS over different basins of the northern Indian Ocean.. . . . . .

XXViii



List of Abbreviations

Abbreviations/symbols

Full form/definition

AVISO Archiving, Validation and Interpretation of Satel-
lite Oceanographic data

AVOCs Anthropogenic Volatile Organic Compounds

AWS Automatic Weather Station

BOBMEX Bay of Bengal Monsoon Experiment

Br Bromine radical

BrO Bromine monoxide radical

BVOCs Biogenic Volatile Organic Compounds

CCN Cloud Condensation Nuclei

Chl-a Chlorophyll-a

Cl Chlorine radical

CTD Conductivity, Temperature, and Depth

DMS Dimethyl sulfide

DMSP Dimethylsulfoniopropionate

DOM Dissolved Organic Matter

EPT Equivalent Potential Temperature

ERA ECMWF Reanalysis 5th generation

FID Flame Ionization Detector

FPD Flame Photometric Detector

GBR Great Barrier Reef

H,SO, Sulfuric acid

HYSPLIT Hybrid Single-Particle Lagrangian Integrated
Trajectory model

I Iodide ion

XXixX




I1CS Internal Calibration System

ID Internal Diameter

IEW Indian Ocean Equatorial Westerlies

1GP Indo-Gangetic Plain

INDOEX Indian Ocean Experiment

10 Iodine monoxide radical

MBL Marine Boundary Layer

MBLH Marine Boundary Layer Height

MLD Mixed Layer Depth

MODIS Moderate Resolution Imaging Spectroradiometer
MSA Methanesulfonic acid

NMHCs Non-Methane Hydrocarbons

NO; Nitrate radical

nss-S0,4 2 Non-sea-salt sulfate

OH Hydroxyl radical

OVOCs Oxygenated Volatile Organic Compounds
PLOT Porous—Layer Open Tubular

ppb Parts per billion

ppt Parts per trillion

PTFE Polytetrafluoroethylene (Teflon)

SML Sea-surface Microlayer

SO, Sulfur dioxide

SOA Secondary Organic Aerosols

SST Sea Surface Temperature

TD-GC Thermal Desorption—-Gas Chromatography
VC Ventilation Coefficient

VHCs Volatile Halocarbons

VOCs Volatile Organic Compounds

VSCs Volatile Sulfur Compounds

XXX




XXX1



XXXii



Chapter1

INTRODUCTION

The Earth’s atmosphere primarily composed of nitrogen (78%), oxygen (21%),
argon (0.9%), and a wide array of trace gases (<0.1%), including greenhouse
gases (typically in parts per million to parts per billion) and reactive
trace gases (parts per billion to parts per trillion). Despite being present
at very low concentrations, trace gases play key roles in tropospheric
chemistry and radiative forcing. Among these, Volatile Organic Compounds
(VOCs) constitute a diverse group of reactive species (e.g., DMS, NMHCs,
OVOCs, etc.) that significantly influence the oxidative capacity of the
atmosphere. Although present at low concentrations, VOCs undergo rapid
oxidation, primarily through reactions with hydroxyl (OH) radicals, and
contribute to the formation of tropospheric ozone (O3) and secondary organic
aerosols (SOAs), both of which have implications for air quality, human
health, and climate (Hallquist et al., 2009; Sahu, 2012). Several VOCs
are also classified as short-lived climate forcers (SLCFs) due to their short
atmospheric lifetimes and direct or indirect impacts on radiative forcing.
Several SLCFs can modulate the abundance of longer-lived greenhouse gases
and other radiatively active species through chemical adjustments (Gupta

et al., 2024).

Based on the emission sources, VOCs are classified as anthropogenic
VOCs (AVOCs) and biogenic VOCs (BVOCs). AVOCs are predominantly emit-
ted through human activities, including fossil fuel combustion, petroleum

refining, biomass burning, vehicular exhaust, industrial solvent usage, and
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evaporation from fuels and chemicals. On the other hand, BVOCs are
released from natural sources such as terrestrial vegetation, oceans, soils,
and grasslands. The ambient air concentration and composition of AVOCs
have become increasingly important in densely populated urban-suburban
or industrialized areas due to strong localized sources. However, BVOCs
dominate the global VOC budget, accounting for an estimated 70-90% of
total VOC emissions (Guenther et al., 1995, 2006).

Natural vegetation, such as forests, is the dominant contributor to
BVOC emissions. The predominant terrestrial BVOCs include isoprene
(~70%), monoterpenes (~11%), and sesquiterpenes (~2.4%), light alkenes
like ethene (~2%) and propene (~1.7%), and oxygenated-VOCs (OVOCs) such
as methanol (~6%) and acetone (~3%) (Guenther et al., 2012; Sindelarova
et al., 2014). Tropical regions are the major sources of both monoterpenes
and isoprene emissions for the global budget, accounting for 88% and 83%,
respectively (Sindelarova et al., 2014).

In addition to terrestrial biota, oceans are a significant source of BVOCs
in the remote marine atmosphere. The surface ocean produces a variety
of VOCs through both abiotic and biotic production processes in seawater,
and the predominance of these mechanisms and sources varies for different
VOCs (Figure 1.1). The major production mechanisms include biologi-
cal production from marine phytoplankton, seaweed, and corals, microbial
degradation, and photochemical processes involving dissolved organic matter
(Beale et al., 2013; Ciuraru et al., 2015; Davie-Martin et al., 2020; Gupta
et al., 2024; Moore, 2008; Okuda et al., 2023; Ratte et al., 1993; Shaw
et al., 2010; Yoch, 2002). And the emission rates can be modulated by
physical and biological factors, including sea surface temperature (SST),
solar radiation, nutrient availability, and mixed layer depth (MLD). The

major oceanic VOCs include:

i. Dimethyl sulfide (CH3;SCHj;; DMS) and other sulfur trace gases includ-
ing carbonyl sulfide (COS), methanethiol (CH3;SH; MeSH), and carbon
disulfide (CS,) (J. W. Dacey & Zemmelink, 2001; Gupta et al., 2025;
Lawson et al., 2020a; Marandino et al., 2007, 2009; Novak et al.,
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2022a; Shenoy & Kumar, 2007; Watts, 2000).

ii. Non-methane hydrocarbons (NMHCs) e.g. light (C;-C;) alkanes and
alkenes, isoprene, monoterpenes, and toluene (Plass-Diilmer et al.,
1995; Sahu et al.,, 2010; Shaw et al.,, 2010; Tripathi et al., 2020a;
2020b; Wohl et al., 2023; Yassaa et al., 2008).

iii. OVOCs, e.g., methanol, acetone, acetaldehyde, propanol, glyoxal (Beale
et al., 2010, 2013; Mahajan et al., 2014; Mungall et al., 2017; S. Wang
et al., 2020).

iv. Halocarbons, e.g., iodinated halocarbons (CH3I) and bromoalkanes (e.g.,
CH,Br,, CHBr;, CHBrCl,, and CHBr,Cl) (Carpenter et al., 2013;
Chance et al., 2014; Gémez-Consarnau et al., 2021; C. E. Jones et al.,
2010; MacDonald & Moore, 2007; Mahajan et al., 2019; Ooki et al.,
2015; Ziska et al., 2013).

The contribution of oceans to global VOC emissions is still not adequately
constrained due to the lack of observations. Globally, the most extensively
studied oceanic VOC is DMS, which is the largest natural source of sulfur
in the atmosphere and holds significant climatic importance (Barnes et al.,
2006). DMS and other oceanic VOCs, such as isoprene and monoterpenes,
contribute to photochemical reactivity and secondary aerosol formation in
the marine boundary layer (MBL) (Hoffmann et al., 2016; Kilgour et al.,
2024; Hu et al., 2013; Cui et al.,, 2019). The significance of marine
isoprene emissions has also attracted considerable scientific attention in
the last decade (Conte et al., 2020; Gantt et al., 2010; W. Zhang & Gu,
2022).

1.1 Dimethyl sulfide (DMS)

DMS is the most abundant biogenic volatile sulfur compound in the at-
mosphere and plays a crucial role in climate regulation and the global
sulfur cycle (Charlson et al., 1987; Ghahreman et al., 2019; Levasseur,
2013). Oceans are the major source of DMS, contributing to ~90-95% of
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Figure 1.1: Schematic representation of sources and atmospheric chemistry
of reactive trace gases in MBL. Air-sea exchange is represented by blue
arrows, photochemical processes by red arrows, and multistep indirect mech-
anisms by dashed arrows.

the global source emission, and global oceanic DMS emissions account for
about 70% of natural sulfur emissions in the atmosphere (Gali et al., 2018).
The global DMS flux has been estimated to be 28.1 (17.6-34.4) Tg S yr!
(Lana et al., 2011), which is about half the anthropogenic sulfur input to
the atmosphere (Klimont et al.,, 2013; Hulswar et al., 2021). Emissions
from tropical oceans (20 °N-20 °S) alone contribute ~48% to the global
DMS budget despite covering only 33% of the global oceanic area (Simé &
Dachs, 2002).

1.1.1 Climatic significance of DMS

DMS is produced mainly in seawater by phytoplankton metabolic activity
and released into the atmosphere via air-sea exchange processes (Gupta et

al., 2024). The oxidation of DMS can lead to the formation of non-sea-
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Figure 1.2: Schematic representation of the CLAW hypothesis.

salt sulfate (nss-SO7 ) aerosols. Nss-SO?~ aerosols are highly hygroscopic
(water-attracting), making them efficient CCN because they can activate
at relatively lower supersaturations compared to less hygroscopic particles.
This consequently influences the cloud formation processes in the remote
marine atmosphere (Mayer et al., 2020). Thus, DMS can have a significant

impact on chemistry-climate interactions in the marine atmosphere.

The CLAW hypothesis by Charlson et al. (1987) proposed a negative
feedback loop that connects marine phytoplankton activity to Earth’s climate
(Figure 1.2). Oceanic phytoplankton activity and air-sea exchange processes
release DMS into the atmosphere, where it is oxidized and leads to the
formation of sulfate aerosols. These aerosols act as cloud condensation
nuclei (CCN). An increase in CCN leads to higher albedo clouds, reducing
the solar radiation flux reaching the surface. This results in a decrease in
temperature, and consequent decline in phytoplankton activity, and DMS
production. Thus, the mechanism acts as a potential natural thermostat
that helps regulate the Earth’s climate. However, detailed scientific reviews
based on several modelling and observational studies have shown that,

while some aspects of the mechanism are proven, the entire feedback loop
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as described originally by the CLAW hypothesis has not been convincingly
demonstrated globally. Many gaps and uncertainties persist, especially in
the quantification of cloud feedbacks and the extent of DMS contribution
to CCN populations and activity, and cloud properties. (Ayers & Cainey,
2007; Quinn & Bates, 2011).

1.1.2 Production of oceanic DMS

High DMSP producing DMSP production pathway in phytoplankton
species: methionine (Met)

¢ Prymnesiophytes

« Dinoflagellates Intermediate products (subject to phytoplankton species)

Low DMSP producing
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* Diatoms X . .
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Dimethylsulfoniopropionate g DMSP
o s o
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Dimethylsulfoxide
, DddL, DddW, ( Dimethylsulfide (DMS) (DMS0) DMSP
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DddD (CoA transferases family) — Methanethiol pathway

(metallopeptidase family)

Almal (asp/glu racemase family) Acrylate/propionate

Figure 1.3: DMSP and DMS production mechanisms in seawater. The
bottom panel of the schematic is adapted from Chen & Schdfer, 2019.

DMS is primarily produced via enzymatic cleavage of dimethylsulfoniopro-
pionate (DMSP) in seawater (Keller et al., 1989). DMSP is a metabolite
synthesized by phytoplankton and serves several crucial physiological func-
tions, including osmoregulation, cryoprotection, antioxidant defence, and
deterrence against grazers (Stefels et al., 2007). The biosynthesis of DMSP
in phytoplankton begins with a sulfur-containing amino acid, methion-
ine, and proceeds through several enzymatic steps, including methylation,
transamination, and decarboxylation (Zhang et al., 2019; Figure 1.3). Fur-
ther, DMSP can catabolize through two major pathways: the demethylation
pathway and the cleavage pathway (Figure 1.3). The demethylation path-
way results in the formation of acetaldehyde, which can be further oxidized

to acetate and methanethiol. The cleavage pathway leads to the production
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of DMS, facilitated by a diverse group of enzymes (DddK, DddQ, DddL,
DddW, and DddY) during microbial activity (Chen & Schéfer, 2019). DMSP
production levels vary widely among different phytoplankton groups (Bul-
lock et al., 2017). Dinoflagellates and prymnesiophytes are associated with
high intracellular DMSP concentrations, while most species of diatoms,
cyanobacteria, and chlorophytes are low DMSP producers with intracellular
concentrations < 50 mM (McParland & Levine, 2019). Its production and
release are sensitive to the environmental conditions, such as UV radiation,
SST, salinity, and nutrient availability (Bucciarelli & Sunda, 2003; Stefels
et al., 2007). DMSP-to-DMS lyase also increases under oxidative stress, as
DMS acts as an antioxidant by scavenging reactive oxygen species (ROS)
(Sunda et al., 2002, 2007). Thus, the seawater DMS concentration is con-
trolled by a complex interplay of phytoplankton species composition, biotic
and abiotic stresses, and bacterial activity (Stefels et al., 2007). Since DMS
is typically supersaturated in the surface ocean (Marandino et al., 2013), its
sea-to-air flux is primarily governed by its concentration in surface waters
and the turbulent exchange processes near the air—sea interface (Liss et
al., 2014). Globally, only ~10% of the dissolved DMS is released into the
marine atmosphere through air-sea exchange processes, while the rest is
recycled in seawater by bacterial oxidation and UV photolysis (Gali & Simd,

2015).

1.1.3 Fate of DMS in atmosphere

DMS is rapidly oxidized in the atmosphere by atmospheric radicals (e.g.,
hydroxyl (OH), nitrate (NOs), and halogen (Cl, BrO, etc.), which is also
the major sink mechanism of DMS in the atmosphere. OH-oxidation is
the dominant loss process of DMS in the atmosphere during daytime,
which results in the formation of methanesulfonic acid (MSA) and sulfur
dioxide (SO,) through temperature-dependent pathways of OH-addition and
H-abstraction. While MSA is produced primarily by OH-addition, which
becomes more relevant with decreasing temperature (~50-33% contribution

at 285-295 K; Barnes et al., 2006), SO, comes from both the OH-oxidation
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pathways (Boucher et al., 2003). H-abstraction is the preferred pathway
at higher temperatures, with ~70% contribution at 298 K (Novak et al.,
2022b). The nighttime DMS chemistry is dominated by NO; radicals,
which efficiently oxidize DMS to SO,. The oxidation by NO; radical is more
efficient under conditions of outflow of continental pollution than in pristine
marine air (Osthoff et al., 2009; Stark et al., 2007).

Gas-phase oxidation of atmospheric DMS is the major source of nss-SO3~
aerosols in the remote MBL (Hoffmann et al., 2016). DMS oxidation prod-
ucts like sulfuric acid (SA), which is formed by further oxidation of SO,, and
MSA can undergo heterogenous nucleation by condensing on pre-existing
particles to form nss-SO}~ aerosols. In low condensation sink environments,
associated with lower pre-existing aerosol concentrations, SA and MSA can
lead to new particle formation (NPF) by homogenous nucleation with water
vapour or by clustering with ammonia and amines (Hoffmann et al., 2016;
Rosati et al., 2021; Sipild et al., 2010). About 18% of the global nss-SO;~
has been found to be associated with oceanic DMS (Gondwe et al., 2003).
These particles have substantial contributions (33-55%) to CCN over re-
mote marine regions (Sanchez et al., 2018), and hence affect atmospheric

radiative properties directly and indirectly.

1.1.4 Present understanding of DMS flux from the northern In-
dian Ocean

DMS has been extensively studied in different parts of the world, but
we still lack in situ measurements over the northern Indian Ocean. The
previous in situ measurements over the Arabian Sea and Bay of Bengal
have mainly focused on the distribution of DMS concentration in seawa-
ter (Hatton et al., 1999; Rao et al., 2015; Shenoy et al.,, 2000, 2002,
2006; Shenoy & Kumar, 2007). The estimates of DMS seawater concen-
trations and of air-sea fluxes using interpolated climatologies, empirical
algorithms, and prognostic biogeochemical models have shown significant
discrepancies (Tesdal et al., 2016). Lana et al. (2011; L11) provide one

of the most comprehensive and widely tested global monthly climatology of
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DMS surface seawater concentration and fluxes. The study showed large
seasonal variations in DMS flux over the northern Indian Ocean, with

2 yr~1) and

highest values during the southwest monsoon (~335 kg S km~™
the lowest in the pre-monsoon season (Tegtmeier et al., 2022). Recently,
an updated global climatology of DMS seawater concentrations and fluxes
has been presented by Hulswar et al. (2022; H22), taking account of the
new inclusions in the DMS database in the last decade and the seasonal
changes in biogeochemical and physical characteristics in distinct oceanic
provinces of DMS. Interestingly, lower DMS seawater concentrations and
air-sea fluxes over the northern Indian Ocean were found to be lower in
H22 than estimated in L11, indicating uncertainties resulting from the lack
of DMS measurements. In H22, emissions from the Arabian Sea and Bay
of Bengal were identified among the few DMS hotspots globally, with flux
ranging between 10-20 umol S m~2 d—!. However, the estimations of DMS
fluxes in L11 and H22 are based on the assumption that the emissions are
entirely controlled by the seawater concentrations and wind speeds. Though
the production of DMS is primarily associated with biological productivity,
biomass abundance (Chl-a) supports only ~15% of the seawater DMS vari-
ability (Bell et al., 2021). Few studies have reported an overestimation of
oceanic DMS in the Indian Ocean region through global parameterization
schemes (Gali et al., 2018; Zavarsky et al., 2018b). Thus, the limited in
situ seawater data and lack of atmospheric measurements of DMS over the
northern Indian Ocean add to the uncertainties of these estimates. DMS
flux depends largely on physical forcing, impacting the spatial and vertical
dynamics of the mixed layer and the associated biogeochemical processes
(Gupta et al., 2024). And the implication of these fluxes on the direct
and indirect regional radiative forcing depends on the atmospheric levels
of DMS. Therefore, a comprehensive analysis of well-resolved spatial and
temporal variability of DMS concentration and its relationships with sea
surface and atmospheric parameters is essential to understand the factors

controlling DMS emissions (Royer et al., 2015).
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1.2 Isoprene

Emission from the terrestrial biosphere is a major source of BVOCs, con-
tributing ~760 Tg C yr—! to the global atmosphere (Sindelarova et al.,
2014). As estimated using the Model of Emissions of Gases and Aerosols
from Nature (MEGAN), isoprene (2-methyl-1,3-butadiene, C5;Hg) contributes
about 410-660 Tg C yr! to the global BVOCs (Guenther et al., 2006;
Miiller et al., 2008; Sindelarova et al., 2014). Therefore, most research on
the production and roles of isoprene is largely confined to plants in terres-
trial biomes (Sharkey et al., 2008). However, oceanic emissions can also be
an important source of isoprene and several light NMHCs in the remote
marine atmosphere (e.g., Meskhidze et al., 2015; Plass-Diillmer et al., 1995;
Sahu et al., 2010; Shaw et al., 2010; Tripathi et al., 2020a; 2020b). Recent
studies have revealed higher emission rates of isoprene and other NMHCs
from marine ecosystems than previously estimated (e.g., Giorio et al., 2022;

Wohl et al., 2023; Rocco, 2021).

Recent studies have revealed higher emission rates of isoprene and
other NMHCs from marine ecosystems than previously thought (Giorio et
al., 2022; Rocco et al., 2021; Wohl et al., 2023). The production of isoprene
in seawater is driven by both biotic and abiotic processes (Figure 1.1). A
few studies have reported isoprene production as a secondary metabolite
by different phytoplankton species in the Indian Ocean and other oceanic
regions (e.g., Booge et al., 2018; Hackenberg et al., 2017; Ooki et al., 2015),
with higher isoprene production tendency in tropical waters than high
latitudes (Dani & Loreto, 2017). The production mechanism is strongly
influenced by environmental factors such as light, temperature, nutrient
availability, and phytoplankton community composition (Shaw et al., 2010).
The production rates of isoprene in seawater are controlled by various
microbial communities, including algae and macroalgae. Cyanobacteria
tend to dominate isoprene emissions in tropical and subtropical oceans,
while other phytoplankton groups prevail at higher latitudes (Cui et al.,

2023). In addition to this, abiotic photochemical processes at the sea surface
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microlayer (SML) can also make a substantial contribution to the marine
isoprene budget (e.g., Briiggemann et al., 2018; Ciuraru et al., 2015).
Photosensitized reactions in the SML, enriched with organic surfactants
and dissolved organic matter (e.g., humic acids), are important pathways
for marine isoprene production. The primary sink for oceanic isoprene
is air—sea exchange, with additional losses from microbial consumption,
chemical degradation, and advective mixing (Booge et al., 2018; Conte
et al.,, 2020). However, the processes controlling oceanic production and
emissions are poorly understood, mainly due to limited field measurement
data to parameterize the model simulations of global isoprene emissions
(Exton et al.,, 2013; Hackenberg et al., 2017). The global estimates of
marine isoprene emissions of ~0.4-11.6 Tg C yr—! (Arnold et al., 2009;
Conte et al., 2020) are far less than the emissions from terrestrial plants.
Nonetheless, modelling studies have shown that marine isoprene emissions,
produced through biological and photochemical processes, are strongest from
the equatorial region (15°N-15°S), contributing more than 36% to the
global annual oceanic emission (Conte et al., 2020). However, the processes
controlling oceanic production and emissions are poorly understood due to
limited field data required to constrain global model simulations (Exton et

al., 2013; Hackenberg et al., 2017).

Despite lower emission rates from the oceans, isoprene can play a key
role in modulating the oxidation capacity of the remote marine atmosphere.
Oxidation of isoprene in remote MBL can also lead to the formation of
secondary VOCs such as methacrolein and methacrylic acid (Cui et al.,
2019). Over biologically productive waters, it can significantly impact the
oxidant loadings, contribute to SOA production, and modify particle size and
microphysical properties (e.g., Kriiger & Grafll, 2011; Meskhidze & Nenes,
2006). The marine isoprene-derived SOA can contribute >30% of the total
monthly averaged submicron organic carbon fraction of the marine aerosol
over the tropical oceanic regions (Gantt et al., 2009). Recently, Tripathi
et al. (2024) have reported episodes of NPF over the equatorial Indian

Ocean, associated with marine emissions of reactive NMHCs. Zavarsky et
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al. (2018b) have observed significant positive correlations between isoprene
fluxes and atmospheric aerosols in the western tropical Indian Ocean during

the summer monsoon.

1.2.1 Present understanding of isoprene emission from the north-
ern Indian Ocean

Studies of NMHCs in the marine atmosphere have been mainly focused on
the Pacific and Atlantic Oceans, or smaller basins such as the Arabian Gulf,
Mediterranean Sea, Gulf of Mexico, Black Sea, etc. (Arnold et al., 2009;
Baker et al., 2000; Bourtsoukidis et al., 2019; Lewis et al., 1999; Liakakou
et al., 2007; Mungall et al., 2017; Saito et al., 2000). The Asian continent
and the islands of Southeast Asia are significant emitters of NMHCs (Li
et al., 2014), which can be transported across the western North Pacific
and eastern Indian Ocean. The measurements of biogenic NMHCs in air
and seawater of the tropical Indian Ocean have been rarely reported (Blake
et al., 1997; Gupta et al., 2024; Sahu et al., 2010; 2011; Tripathi et al.,
2020a; 2020b), particularly for isoprene (Table 1.1). The average surface
isoprene concentration of ~50 pmol/L reported in the tropical Indian Ocean
with higher sea surface temperature (SST >28°C) were significantly higher
than those in subtropical, sub-polar, and polar waters (Ooki et al., 2015;
Zavarsky et al., 2018a). However, the model does not show agreement with
the measurements over the tropical Indian Ocean (Booge et al., 2016).

A few studies have attributed high isoprene concentrations in the tropi-
cal marine atmosphere to the contributions of the transport from terrestrial
sources, in addition to the oceanic emissions (Shaw et al., 2010; Tripathi,
2020a; Yokouchi et al., 1999). The biogenic emissions from coastal wa-
ters have been reported to be an important source of isoprene (0.01-2.74;
0.53+0.73 ppb) in the MBL of the Yellow Sea and the East China Sea
(Li et al., 2022; Wu et al., 2021). Tripathi et al. (2020a) have reported
elevated isoprene concentrations of 0.16-1.12 ppb in marine air of the
oligotrophic Arabian Sea during the spring inter-monsoon season, mainly

associated with blooms of Trichodesmium and Thalassiosira at high SST.
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The estimated mean isoprene flux of ~64.5 nmol m~2 d~! in Tripathi et al.
(2020a) was higher than the global annual mean flux of 41.4 nmol m—2 d!
modeled by Conte et al. (2020). The relative disparities in the estimated
values indicate the high spatial and temporal variability of marine isoprene
emissions, highlighting the importance of assessing the seasonal isoprene

fluxes from the northern Indian Ocean.

Table 1.1: Summary of air-sea fluxes and concentrations of isoprene and

DMS reported over the northern Indian Ocean.

BVOC Region/Season Concentration/flux References
data
Tropical Indian 50 pmol/L Ooki et al.,
Isoprene Ocean/ Annual 2017
AS/ pre-monsoon 0.16-1.12 ppb; Tripathi et al.,
21.5-172.2 nmol m—2 2020a
d—l
NIO/Annual upto 1 kg km=2 yr—! Tegtmeier et
(28 pumol m=2 d—1) al., 2022
Central BoB/ winter | 500-800 ng/L Yamamoto et
al., 2001
AS+BoB/ Monsoon 0.04—41.1 pgmol m~2 d=' | Shenoy et al.,
2007
DMS AS+CIO winter 0.03-34.4 ymol m~—2 d~! | Shenoy et al.,
2007
AS+BoB upto 13.1 gmol m~2 d~! | Shenoy et al.,
(pre-monsoon and 2007
post-monsoon)
Coastal BoB/ 55 4+ 4 ymol S m=2 d~! | Rao et al., 2015
Monsoon
Northwest coastal 100-800 ppt Edtbauer et al.,
AS/ Monsoon 2020
NIO/ Annual 5-20 pmol m~2 d~! Hulswar et al.,
2022
NIO/ Annual upto 650 kg km—2 yr—! Tegtmeier et
(~40 nmol m~2 d-1) al., 2022
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1.3 Northern Indian Ocean

The northern Indian Ocean experiences seasonally varying wind circulation
due to strong land-ocean-atmosphere coupling (Figure 1.4), controlling the
key physical and biogeochemical properties of the surface ocean (Tegtmeier
et al., 2022; Webster et al., 1999). The North Indian Ocean comprises
the Bay of Bengal and Arabian Sea basins, along with marginal seas such
as the Andaman Sea and the Laccadive Sea. The Arabian Sea is one
of the most biologically productive oceanic regions of the world, known to
possess a perennial oxygen minimum zone (Naqvi, 1991; Vidhya et al.,
2022). The basin has been experiencing one of the largest warming trends
over the tropical oceans (Roxy et al., 2015). The long-range atmospheric
transport of airborne mineral dust and ocean upwelling provide increased
nutrients to the Arabian Sea, leading to its higher biological productivity
than the Bay of Bengal (Madhupratap et al., 1996; Murtugudde et al.,
1999; Singh & Ramesh, 2015; Sreeush et al., 2018). Seasonally varying
processes such as upwelling, wind-driven mixing, and lateral advection of
upwelled coastal waters are major drivers of intense biological productivity
in the open ocean Arabian Sea, particularly during the summer monsoon
(Kumar et al., 2002). Relatively lesser biological production in the Bay of
Bengal is primarily attributed to the limited availability of nutrients in the
upper layers, arising from strong stratification and weaker winds, which

inhibits vertical mixing.

However, the physical conditions in the Bay of Bengal make it more prone
to extreme conditions. The SST climatology exhibits a bimodal distribution
pattern in the Bay of Bengal, with a primary peak during May-June and
a secondary peak in October (Sarker et al., 2020). Relatively higher SSTs
(28-30°C) lead to a thermodynamically unstable atmosphere and significant
tropical cyclonic (TC) activities over the Bay of Bengal. The TC conditions
during pre-monsoon and post-monsoon (primary TC peak season) over the
Bay of Bengal account for ~6% of the global annual tropical storm events.

Tropical cyclonic activities can modulate the trace gas fluxes and trigger
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episodes of surface productivity post-cyclone (Kumari et al., 2019; Lévy
et al., 2012). Additionally, eddy-driven nutrient upwelling is the main
factor driving the surface biological productivity in the post-monsoon season
(September—October). Thus, due to favourable biogeochemical conditions and
tropical-meteorological events, the Arabian Sea and Bay of Bengal could be
potentially important in BVOCs (e.g. DMS) production and air-sea exchange

and play an important role in the global natural sulfur budget.

Pre-monsoon Monsoon
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Latitude
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Winter
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Figure 1.4: Maps of Chl-a concentration (from MODIS-A) and wind field
climatology (from NCEP/NCAR reanalysis data) for the pre-monsoon (MAM),
Monsoon (JJA), Post-monsoon (SON), and Winter (DJF) seasons for the
period of December 2012 to February 2022 over the northern Indian Ocean.
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1.4 Objectives

The research presented in this thesis is based on the first high time-
resolution continuous shipborne measurements of atmospheric DMS and
NMHCs over the northern Indian Ocean. These measurements were carried

out during the following two field campaigns:

i. SK#373 over the Bay of Bengal and Andaman Sea during 26 September—

14 October 2021 in the post-monsoon season.

ii. SK#374 over the Arabian Sea, the eastern and southern coastal waters
of Sri Lanka, and the Laccadive Sea during 27 October-24 November

2021 in the post-monsoon season.

These unique datasets could provide valuable insights into detailed fea-
tures of DMS and isoprene variability, the co-emission of DMS and other
biogenic VOCs like isoprene, and the dominant factors controlling the ex-
change/emission rates to the atmosphere. The results from this study could
be beneficial inputs for chemistry-climate interaction modelling over the
northern Indian Ocean.

The central objective of the thesis is to address the knowledge gap about
the sources, and physical and biogeochemical drivers of air-sea exchange
processes controlling the DMS and isoprene concentrations in the marine
air of the northern Indian Ocean. The specific objectives are summarized

below:

i. Investigate the spatio-temporal variations of DMS and isoprene mixing
ratios in the MBL of the northern Indian Ocean using high-resolution

in situ measurements.

We have characterized the regional and short-term variability of atmo-
spheric DMS and isoprene using shipborne measurements (resolution 24
and 30 min, respectively), conducted over the Bay of Bengal, Arabian Sea,
Andaman Sea, Sri Lanka coast, and Laccadive Sea in the post-monsoon

season. We have also investigated the distribution of isoprene and aromatic
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hydrocarbons over the Bay of Bengal during the southwest monsoon season.
The characteristics and key features of day-to-day and diurnal variability
of the DMS and isoprene mixing ratios observed in these different basins

of the northern Indian Ocean are discussed in detail.

ii. Investigate the roles of atmospheric and oceanic factors in controlling

the DMS and isoprene distribution.

We have investigated the relationships of DMS mixing ratios with several
hydrographic, biogeochemical, and meteorological variables under different
environmental conditions. These include sea surface salinity, SST, satellite-
derived Chl-a, nutrients, picophytoplankton abundance, wind speed, and
ventilation coefficient. The variations of isoprene with SST, salinity, surface
Chl-a, air temperature, RH, and wind conditions are examined to determine

the sources and impact of these parameters on isoprene levels in the MBL.

iii. Investigate the relationships between DMS and isoprene to characterize

their major source and loss processes.

The variations of DMS with isoprene and benzene mixing ratios in the
MBL are investigated in the coastal and open ocean regimes. The distinct
relationships between DMS and isoprene in different parts of the northern
Indian Ocean are then used to describe the underlying processes and
contributing sources, including co-emissions of isoprene and DMS, that are

driving these variations over the study region.

iv. Investigate the impact of terrestrial outflow and oceanic emission on

the atmospheric chemistry of DMS over the coastal regions.

We have investigated the changes in VOC composition, particularly the
relative abundances of DMS, isoprene, and aromatics in the coastal regions.
We further examined the modulation of DMS chemistry and atmospheric
mixing ratios during interactions of terrestrial outflow and oceanic air

masses.

v. Estimate the air-sea fluxes of DMS over the northern Indian Ocean

using both bottom-up and top-down methods.
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Air-sea fluxes of DMS are calculated using two distinct approaches, top-
down and bottom-up, based on different assumptions. Given the complexities
involved in direct air-sea flux measurements of DMS, the estimates obtained
from different approaches provide a wider domain to compare the data and
improve the understanding of the limitations and uncertainties associated
with the different approaches. The DMS seawater concentration, required
for the bottom-up approach, is estimated using satellite data-based global
parametrizations by Gali et al. (2018). The parametrized estimates, derived
using satellite and in situ data as input variables, are compared with
previous studies to evaluate the applicability of global parametrization at

regional levels.
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Experimental Techniques and
Data Analysis

2.1 Analysis of the DMS and NMHCs concentrations

2.1.1 Instrumentation

The continuous in situ measurements of the mixing ratios of DMS and
NMHCs were carried out using online Sulfur trace gas analyzer, C,—Cg
and C4—C,, VOC analyzers onboard the Oceanographic Research Vessel
(ORV) Sagar Kanya (SK). These analyzers are based on the principle of
Thermal Desorption-Gas Chromatography (TD-GC), coupled with a Flame
Photometric Detector (FPD) for the analysis of sulfur trace gases and with

a Flame Ionization Detector (FID) for the analysis of NMHCs.

Sample Schematic of TD-GC-FID/FPD

Injector port Column

Detector \

Data analysis

Carrier gas

Column oven

Figure 2.1: A schematic diagram of the TD-GC system for the analysis of

VOCs in the ambient atmosphere.
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Along with the online measurements, pressurized air samples were also

collected in glass canisters for the offline analysis using the TD-GC-FID

system at our Laboratory in PRL. A brief description of the working of
TD-GC-FID/FPD systems (Figure 2.1) is provided below:

i. Thermal Desorption-Gas chromatography (TD-GC)

TD-GC is a highly sensitive analytical technique to detect and quan-
tify atmospheric VOCs. The TD unit is primarily used for the pre-
concentration of VOCs as they exist at very low concentrations in the
ambient atmosphere, typically in the parts per billion (ppb) to parts
per trillion (ppt) levels. This method can significantly improve the
detection limits and sensitivity of the analytical system. In the TD
process, the air sample is drawn into the system through a cryo-trap
filled with a sorbent material specifically chosen to adsorb the targeted
VOCs. The material inside the trap (e.g., Tenax TA and Carbopack) is
selected based on the volatility and chemical properties of the VOCs
of interest. Maintaining the trap at a low temperature or cryogenic-
trapping enhances the retention of highly volatile compounds, such as
NMHCs and DMS, by reducing their vapor pressure and minimizing
losses, and therefore, is essential for accurate quantification of the
most atmospheric VOCs.

The trap is then heated under an inert gas flow, and the desorbed
analytes are transferred into the GC column by a carrier gas. The
column is the core component of the GC system, where the separation
of the mixture takes place. In the column, the components of the
mixture interact with two phases: the stationary phase, which is a
chemical coating on the inner walls of the column; and the mobile
phase, which is the carrier gas that transports the sample through the
column. The carrier gas is selected to be chemically inert to prevent
any reactions with compounds and the hydrogen flame used in detec-
tion. To optimize this separation, the column temperature is gradually

increased according to a programmed temperature ramp. The tempera-
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ture programming facilitates effective separation of a complex mixture
containing compounds with diverse volatilities and boiling points. The
compounds in the mobile phase interact with the stationary phase as
they pass through the column and get separated based on the volatil-
ity and interaction with the column’s stationary phase. The separated
compounds elute from the column to the detector in sequence, where
a signal is recorded for each compound corresponding to its retention
time in the column. There are several detection methods available for
VOC analysis, based on their sensitivity and selectivity towards differ-
ent chemical groups. For our measurements, FPD and FID were used

to efficiently detect sulfur-containing VOCs and NMHCs, respectively.

ii. Flame Photometric detector (FPD)

FPD is a photometric emission-based detector selectively suited for
the detection of sulfur- and phosphorus-containing compounds. In
this detector, the sample is introduced into a hydrogen-oxygen flame,
where sulfur compounds generate chemiluminescent emissions at a
characteristic wavelength of 394 nm. The emitted light is detected by
a photomultiplier tube, and the signal is calibrated to quantify the

concentration of target analytes.

iii. Flame ionization detector (FID)

The operation of FID is based on generation of ions by combustion of
organic compounds in a hydrogen-air flame. These ions are collected by
electrodes, producing an electrical current proportional to the carbon
content of the analytes, which is amplified and recorded as a mea-
surable signal. Due to its high sensitivity, selectivity, wide dynamic
range, and stability, the FID has been widely used for quantitative

analysis of various hydrocarbons.

GC-FPD has been widely used for DMS measurements in marine environ-
ment in several studies across different oceanic basins (Cooper & Saltzman,

1993; Davison & Allen, 1994; Kato et al., 2009; Park & Lee, 2008; Zhao et
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al., 2022), due to its high selectivity and sensitivity in field and shipboard
environments. A few previous studies have also reported better sensitivity
of GC-FPD in DMS detection than GC coupled with mass spectrometer (MS)
(Franchini & Steinke, 2017; Hopkins et al., 2016; Mesarchaki et al., 2014).
Although modern mass spectrometry-based systems such as AP-CIMS and
PTR-ToF-MS offer high-resolution, real-time measurements with excellent
sensitivity, they are often more complex and difficult to stabilize on moving
platforms (e.g. ships), and under the high-humidity conditions typical of
the tropical marine atmosphere. In contrast, GC-FPD is a low-maintenance
and robust analytical technique that has shown good agreement in DMS

measurements with modern MS-based methods (Royer et al., 2014).

For NMHCs, GC-FID is considered to be the most reliable analytical
technique, and has been widely applied in previous studies in the ma-
rine atmosphere, particularly for light (C,-C;) NMHCs (Blake et al., 2003;
Goldan et al.,, 2004; Sahu et al., 2006; Tripathi et al., 2020a; 2020Db;
Williams et al., 2010). Although, PTR-ToF-MS provides high time reso-
lution, its application to light NMHCs is limited by several factors: (i)
Low proton-transfer efficiency of these compounds (except isoprene) due to
lower proton affinities than that of water, resulting in poor ionization and
quantification of these compounds, (ii) Isobaric interferences, which prevent
differentiation of structural isomers (e.g., i-&n-butane, i-&n-pentane), and
(iii) humidity-dependent sensitivity, which can affect calibration stability un-
der marine conditions. This makes PTR-ToF-MS less reliable for measuring
light NMHCs in marine environments, whereas GC-FID offers a superior
separation for isomers and is relatively unaffected by humidity. Warneke et
al. (2001), have reported good agreement between isoprene measurements
from PTR-MS and GC-FID in clean atmosphere over the tropical rainforest.
However, based on measurements in polluted coastal marine air, de Gouw
et al. (2003) found an overestimation in isoprene mixing ratios for levels

below 100 ppt.
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2.2 Experiments onboard ship

A common sampling system was designed for all analyzers using a PTFE
tube of 1/2” ID, a glass manifold, and a vacuum pump. The inlet of the
PTFE tube (1/2” ID) was placed facing downward toward the water surface
at the starboard side of the ship, ~5 m above the sea surface. A snippet of
the onboard laboratory set-up for VOC measurements is shown in (Figure

2.2)

Figure 2.2: Onboard laboratory set-up for ambient air VOC measurements

during the cruise campaigns.

2.2.1 Measurements of DMS concentration

The measurements of atmospheric DMS concentration were conducted us-
ing an online sulfur trace gas analyzer (AirmoS, Model: C51022-TRAP,
Chromatotec®, Saint-Antoine, France). Detection of volatile sulfur com-
pounds (VSCs) is based on the principle of thermal desorption-gas chro-
matography -flame photometric detection (TD-GC-FPD).

Ambient air was sub-sampled from a glass manifold into the analyzer
through a 1/4” ID PTFE tube at a flow rate of ~80 mL min~! for 6 min
using a pump (KnF 65 LABOPORT® Vacuum Pump). Sulfur trace gases

present in air samples were pre-concentrated on a Peltier-cooled (at +5 °C)

23



Chapter 2. Experimental Techniques and Data Analysis

Tenax trap, desorbed at 180°C for 120 s, and transferred into a metallic
column (MXT, 4 m x 0.53 mm, 1.5 pm film thickness, Restek Corp., USA)
by a carrier gas at a flow rate of ~4 mL min~!. Zero-air generated by the
Ultra High Purity Zero Air Generator (airmoPURE D 45 PSI, Model No:
XXX031-D) was used as the carrier gas. The GC column temperature was
set to isothermal at 35°C during analysis. Pure hydrogen gas (generated
using Hydroxychrom USB 4U, Model No: XXX916) and zero-air were sup-
plied to the FPD at 10 and 60 mL min~! in the lower flame and 50 and

1

60 mL min—' in the second flame, respectively.

2.2.2 Measurement of Co—Cg and C¢—C12 NMHCs

The mixing ratios of different C,—Cs NMHCs were measured using a TD-GC-
FID-based online C3—C¢ VOC analyzer (AirmoVOC C2-C6, Model: A12000,
Chromatotec®, Saint-Antoine, France) at a resolution of 30 min. Ambient
air was sub-sampled from the manifold at a flow rate of ~11 mL min!
for 10 min via a vacuum pump (KNF Laboport®, KNF Neuberger, Inc.).
The VOCs are pre-concentrated on a Peltier-cooled (at -15 °C) adsorbent
trap. The pre-concentrated sample was desorbed at 220 °C and transferred
into a PLOT Alumina column (Al;03/Na,SO4, 25 m x 0.53 mm, 10 um
film thickness) using hydrogen (H;) as a carrier gas at a flow rate of ~7
mL min~!.

chrom (Model No: XXX916, Chromatotec®, Saint-Antoine, France). The GC

The ultra-high purity H, gas was generated using Hydroxy-

column temperature was programmed with an initial temperature of 36
°C, increased to 38°C at a gradient of 2 °C min™!, and to 202°C at 15
°C min~!. H, and zero air (produced using airmoPURE D 45 PSI, Model
No: XXX031-D) were supplied as fuel gases to the FID at 23 and 180 mL

1. respectively.

min~

The mixing ratios of several C¢—C;, NMHCs were conducted using an
Cs—C12 VOC analyzer (AirmoVOC C6-C12, Model: A23022, chromatotec®,
Saint-Antoine, France). The ambient air was subsampled from the manifold

into the system at a flow rate of ~30.3 mL min~! for 30 min via a vacuum
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pump (KNF Laboport®, KNF Neuberger, Inc.). The sampled air is first
introduced into a peltier-cooled (at -15 °C) adsorbent trap via a 1 m long
stainless steel (SS) tube (0.25” ID). Sample pre-concentrated on the adsor-
bent trap is desorbed at 380 °C and transferred into a MXT30CE column
(30 m x 0.28 mm, 1 ym film thickness, Restek Corp., USA) by H, gas as
carrier gas (flow rate: 4mL min~!) generated by Hydroxychrom hydrogen
generator (Model No: XXX916, Chromatotec®, Saint-Antoine, France). The
GC column temperature was programmed with an initial temperature of 38
°C, and is increased consecutively in following order: to 40 °C at a gradient
of 2 °C min~!, to 50 °C at 2 °C min~!, to 80 °C at 10 °C min~!, to 220
°C at 15 °C min!, to 230 °C at 2 °C min~! and to a final temperature
of 260 °C at 9 °C min!. A mixture of H, and zero-air (generated using
airmoPURE D 45 PSI, Model No: XXX031-D, Chromatotec®, Saint-Antoine,
France) fuelled the FID flame at flow rates 27 and 180 mL min~!, respec-
tively.

2.2.3 Calibration analysis
i. Sulfur trace gas analyzer

In Sulfur trace gas analyzer, regular calibrations were performed using a
DMS permeation tube (Model No: DMS N° 20191018-G637; Chromatotec®,
Saint-Antoine, France) to monitor the sensitivity and stability of the in-
strument. Desired DMS concentrations of standards were generated using
an internal calibration system (ICS). Two primary components of the ICS

are:]

(a) Permeation oven, where the standard gas is released from the per-
meation tube in the chamber. The amount of gas released is highly

dependent on the oven temperature.

(b) Dilution setup, where the known concentrations can be generated by

regulating zero-air flow.

A constant flow of zero air (101.1 mL min~') was maintained in the
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permeation oven when the ICS was idle to avoid calibration errors caused
by the accumulation of substances released in the oven due to system
heating or pressure changes. The permeation tube releases standard gas
mass at a rate of 36.6 ng min—! (+10%) at a permeation oven temperature
of 40 °C and is supplied with a total dilution flow of 435.5 mL min!.
The concentrations of DMS in the calibration mixture exiting from the ICS

were calculated using the following equations.

Permeation rate (ng min')

Concentration m~3) =
ion (g ) Total dilution flow (L min™')

(2.1)

Concentration (ug m=3) x 24.54 L
62.13 g mol ™'

Where 24.45 L is the molar volume at 25 °C and 62.13 g mol™! is the

Mixing ratio (ppb) = (2.2)

molar weight of DMS. The standard gas mixing ratio of 33.07 ppb (+10%)
was used for the calibration (Figure 2.3).
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Figure 2.3: Typical TD-GC-FPD chromatograms obtained from the analysis
for (a) DMS standard gas (~33.07 ppb), and (b) blank sample.

The following detector response function, established during the stabilization

of the instrument, was used for the calculation of mass from peak area.
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(2.3)

0.6
Mass (ng) = A x <M>

BS

Where A (1.176) is the correction factor and BS is the base sensitivity
(10000) used for the DMS concentration calculation. The precision of ~17%
and detection limit of 16 ppt were calculated using the relative standard
deviation (RSD) and 3-times the standard deviation (o) of the peak areas,

respectively.

ii. Co-C4 and C¢-C,, VOC analyzers
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Figure 2.4: Laboratory set-up of dynamic dilution system for multipoint

calibration.

Multi-point calibrations of the C,—Cs and Cs—C,, VOC analyzers were per-
formed using a dynamic calibrator system (DDCZ094, Spectrum) with a
standard gas mixture containing C,—Cg NMHCs at ~1 ppm (+5%) (Lot
No.: 1341032, Linde, USA). The dynamic dilution system used dual-step
generated zero-air to dilute the standard gas to the desired concentrations
of 2, 4, 6, and 8 ppb (Figure 2.4). Blank (zero-air only) and generated
standards were analyzed using TD-GC-FID-based analyzers, with five repli-
cates for each. An example chromatogram obtained from analysis of ~4
ppb standard gas mixture in C,—Cs VOC analyzer is shown in Figure 2.5.

The chromatograms obtained were used to generate a linear calibration
curve for each identified compound by establishing a best-fit line in the

integrated peak area vs known concentrations from the calibration stan-
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dards plot (Figure 2.6). These linear relationships were used to quantify

the response factor of each compound, and further determine the unknown

sample concentrations based on their chromatographic signal responses.
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Figure 2.5: Typical TD-GC-FID chromatograms obtained from the analysis
of (a) NMHCs standard mixture (set at 4 ppb), and (b) blank sample in
C,-Cs VOC analyzer.
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Figure 2.6: The calibration curves for selected (a) C;—Cgs, and (b) Cs—Cis
NMHCs.

Based on guidelines of the International Conference on Harmonization, the
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sensitivity was determined as the slope of the calibration curve, and the

detection limit was determined as:
g
DL =33—= 2.4
5 (2.4)

where (o) is the standard deviation of the y-intercept (or the blank), and
(S) is the slope of the calibration curve. The DL of isoprene is 25 ppt and
for C,-C4 NMHCs it varied between 20-80 ppt, and the precisions of the
measurements were in the range of 2-8%. For C4-Cio, NMHCs, the DLs

and precision was in the ranges of 5-20 ppt and 2-5%, respectively.

2.3 Auxiliary data

2.3.1 Meteorological and physicochemical data

The meteorological parameters along the cruise tracks were measured using
an Automatic Weather Station (AWS) system installed onboard ORV Sagar
Kanya during the campaigns. The weather data for the Port Blair station,
Andaman Islands, India, during 6-7 October 2021 were obtained from
the historical archives on ‘timeanddate.com’ (https://www.timeanddate.com/
weather/india/port-blair/), a globally recognized website operated by Time
and Date AS, Norway. The air temperature data at Colombo, Sri Lanka,
was retrieved from Wunderground meteorological datasets (https://www.
wunderground. com/weather/VCCC) at Colombo Ratmalana Airport station, for
the period of 27-31 October 2021.

The Oceanographic parameters, such as SST and salinity, were measured
using the ship’s Thermosalinograph situated under the hull. The depth
profiles of temperature and salinity were acquired using Sea-Bird SBE 9
CTD instrument (Sea-Bird Scientific, Bellevue, Washington) at 13 stations in
Arabian Sea (SK#374) and 5 stations in Bay of Bengal of Bengal (SK#373).
The nutrient (NO; + NO; ) concentrations were analyzed in the sea surface
samples collected at each station using a nutrient autoanalyzer (SKALAR,

The Netherlands).
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2.3.2 Marine picophytoplankton data

The picophytoplankton (Synechococcus and Prochlorococcus) cell abundance
was measured in the seawater samples collected at CTD stations using
flow-cytometry analysis. The samples were fixed with glutaraldehyde (fi-
nal concentration: 1%) for 10 min and then stored at -20 °C. Prior to
laboratory analysis, the frozen samples were thawed at room temperature
under dark conditions. They were then analyzed using a flow cytometer
equipped with 405, 488, and 640 nm laser sources (BD FACS Aria Fusion).
Each sample was run for a total of 10000 events at a flow rate of ~22 uL
min—!. The scatter plots of the relative red fluorescence vs the relative
orange fluorescence and relative red fluorescence vs side scatter were used
to identify the phytoplankton groups. Different picophytoplankton groups
were classified based on their size and the position of optical signals in

the scatter plots as per Marie et al. (2000). The fluorescence data were

analyzed using BD FACS DIVA (Version 8.0) software.

2.3.3 Air mass back trajectory

The three-dimensional 5-day and 2-day backward air mass trajectories
were calculated using the National Oceanic and Atmospheric Adminis-
tration (NOAA)-HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Draxler and Hess, 1998) within the R environment via
the ‘splitr’ package (Iannone, 2024). The trajectories were computed using
meteorological data from the National Center for Environmental Prediction
(NCEP)-Global Data Analysis System (GDAS1; 1° x 1°), which are acces-
sible through the NOAA Air Resources Laboratory (ARL) GDAS1 archive
(https://www.ready.noaa.gov/archives.php).

Although the GDAS (1°x1°) dataset is widely used for back-trajectory
analyses, including over regions with complex topography (Draxler & Hess,
1998; de Jonge et al., 2024; Kriiger & Quack, 2013; Stein et al., 2015; Craw-
ford et al., 2016; Flood et al., 2025; Sanchez-Barrero et al., 2025; Marandino
et al., 2013; Sanchez et al., 2021), its coarse spatial and temporal (3hr)
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resolution introduces inherent uncertainties in trajectory calculations. The
inability to represent sub-grid scale wind fields, convective processes, and
boundary layer dynamics limits the model’s capability to resolve mesoscale
features such as land-sea breezes, localized turbulence, and complex flow
fields over rugged terrain, which influence the accuracy of the derived tra-
jectory. These uncertainties can lead to positional errors in the trajectories,
typically ranging from tens to a few hundred kms after 3-5 days of trans-
port (Stohl, 1998; Harris et al., 2005). Therefore, the calculated air-mass
trajectories should be interpreted as indicative of broad transport pathway
rather than exact air-parcel history. However, the uncertainty is generally
smaller over open ocean areas where meteorological gradients are weaker

and flow fields are more homogeneous.

Along with the input data resolution, several other components con-
tribute to the estimated total positional error of 15-30% of the distance
travelled by air mass (Draxler, 2008). These components include physical
error, computational (or numerical) error, measurement error, and forecast
error. Physical error arises from the simplified representation of the phys-
ical processes in the atmosphere within the model. Computational error is
composed of integration and resolution errors, that arise from the necessary
use of discrete time stepping to integrate air parcel movement and rep-
resenting continuous atmospheric variables with gridded data, respectively.
Resolution error is particularly important for the vertical position due to
limited vertical resolution in the input meteorological fields. Measurement
and forecast errors originate from uncertainties in observations, data as-
similation procedures, and the numerical weather prediction models used

to generate the GDAS meteorological data fields.

2.3.4 Chl-a, SST and wind field distribution maps

The maps of mean Chl-a concentration and SST during the campaigns
were generated using 8-day composite data products at a resolution of
4 km x 4 km from the Moderate Resolution Imaging Spectroradiometer

(MODIS) onboard Aqua satellite (https://oceancolor.gsfc.nasa.gov/). The
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8-day composite data products were preferred over the daily data to re-
duce the data gaps due to cloud interference. Chl-a data along the track
was extracted from the campaign mean files. The near-surface (10 m ASL)
wind fields were obtained from ERA-5 single-level hourly reanalysis datasets
(0.25° x 0.25°) at the Copernicus Climate Change Service (C3S) Climate

Data Store (https://cds.climate.copernicus.eu/).

2.3.5 Tide height data

1. The in situ tide gauge data at the Port Blair and Aerial Bay sta-
tions in the Andaman Islands during 1-8 October 2021 were obtained
from ESSO-Indian National Centre for Ocean Information Services

(INCOIS), India.

2. The hourly in situ tide height at Colombo station, on the west coast
of Sri Lanka, for the campaign period (27 October—2 November 2021)
was taken from the University of Hawaii Sea Level Center (UHSLC)
tide-gauge data (Caldwell et al., 2015) accessed at: https://uhslc.

soest.hawaii.edu/).

3. The simulated tidal elevation data at Trincomalee station, on the
east coast of Sri Lanka, for the period of 27-29 October 2021, was
obtained from the Finite Element Solution tide model developed in
2014-2016 (FES2014) and altimetry data from AVISO (Archiving, Vali-
dation and Interpretation of Satellite Oceanographic data). The model
and data can be accessed at: https://www.aviso.altimetry.fr/en/

data/products/auxiliary-products/global-tide-fes.html.

2.3.6 Coral data

The global distribution map of coral reefs was taken from the United
Nations Environment Programme-World Conservation Monitoring Centre
(UNEP-WCMC et al., 2010) at: https://www.unep-wcmc.org/en. The infor-

mation about the benthic corals in the Andaman Sea and bleaching alert
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data were retrieved from the NOAA-National Centers for Environmental
Information (NEIC) portal (https://www.ncei.noaa.gov/). The ocean floor
bathymetry maps in the Andaman Sea were made using the gridded bathy-
metric datasets from the General Bathymetric Chart of the Oceans (GEBCO;
https://www.gebco.net/), an organization operated by the International Hy-
drographic Organization (IHO) and the Intergovernmental Oceanographic

Commission (I0C) of UNESCO.

2.3.7 Statistical analysis

The statistical significance of regional means of DMS and isoprene was
assessed using standard error (SE) (Asher et al., 2017), Welch’s t-test
(Kerrison et al., 2012) and non-parametric Kruskal-Wallis (K-W) ANOVA
(Masdeu-Navarro et al., 2024; Vogt et al., 2008). Normality of data in each
region was tested using Q-Q plots and Shapiro-Wilk test.

2.4 Air mass exposure to chlorophyll

The extent of biological exposure of an air mass to the ocean surface trans-
port to the observation site can be determined by integrating chlorophyll
concentration along the back-trajectory of the air mass (Arnold et al., 2010;
Park et al., 2021). We used 2-day (48 hours) subset of the 5-day back-
trajectories calculated using the HYSPLIT model (see section 2.3) along
with satellite-derived Chl-a as a proxy for phytoplankton biomass (Siegel
et al., 2013) to calculate the sea-surface chlorophyll exposure of air mass
(E,). The chlorophyll exposure is normalized with e~ # to account for the
decrease in the expected biological exposure due to chemical and diffusion
loss processes in the MBL.

., Chl,, - e

n

E, = (2.5)

Where Chl,; is the mean chlorophyll-a concentration within 20 km radius

around the air mass location at time t in the back-trajectory. The mean
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chlorophyll values were extracted from MODIS-Aqua 8-day composite Chl-a
data product at 4 km resolution and Chl-a is considered as 0 for the points
falling over land. ¢ is the backward tracking time, chosen to be limited to
48 hours as the chemical lifetime of DMS in the atmosphere is 1-2 days
(Sharma et al., 1999). n is the number of points in the back-trajectory with
valid Chl-a data available. n is the number-count of data points in the
back-trajectory with valid Chl,; data available, and typically varies between
1-48. Assuming that DMS is well mixed in MBL, the chlorophyll exposure
from biologically rich surface waters would be restricted to MBL. Therefore,
the trajectory points with air mass height is greater than MBL height
were not integrated in the analysis. Air mass height and MBL height were
retrieved from HYSPLIT back-trajectory analysis and the corresponding
GDAS1 meteorological data, respectively.

2.5 VC-normalized mixing ratios

The ventilation coefficient (VC) has been used to study the effect of dilution
as it captures both vertical and horizontal dispersions (e.g., Sahu et al.,
2022 and references therein). At a given time/location along the track,
the VC; can be calculated as the product of wind speed (ws;) and marine
boundary layer height (MBLH,;) and is used as a measure to assess the

extent of dilution and dispersion of a compound in the MBL.

Where ws; is the in situ wind speed data and MBLH; is ERA5 hourly re-
analysis data (https://cds.climate.copernicus.eu/) over different sampling

locations along the track.

Furthermore, the VC-normalized mixing ratio of DMS (DMSy) and
isoprene (Isoy ) accounts for the turbulence and wind-driven variability
of these compounds (Sahu et al.,, 2020 and references therein). The VC

normalized mixing ratio (Xy ) was used to account for the turbulence and
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wind-driven variability (Sahu et al., 2020 and references therein).

VG,

2.
VCmean ( 7)

[Xve]i = [X]i %

Where [X]; and VC; are the measured mixing ratio of the compound (X)
and VC during the sampling period (i), respectively. VC,,.., is the average
of VC,; calculated separately for each transect in the Arabian Sea and Bay
of Bengal, and for the entire cruise track in the southern coastal waters

of the Indian subcontinent.

2.6 Estimation of DMS concentration in surface sea-

water

The surface seawater DMS concentration, as a function of photosynthetic
active radiation (PAR) and total DMSP (DMSPt) in seawater, can be calcu-
lated using the following empirical equation (Gali et al., 2018).

log; DMS = —1.237 + 0.578log,,(DMSP;) + 0.018 PAR (2.8)

PAR was retrieved from MODIS monthly mean (November 2021) data, and
DMSP; concentration was calculated using the following parameterization

given by Gali et al. (2015).
log,o(DMS) = —1.237 + 0.578 log,,(DMSPt) + 0.018 PAR (2.92)

for Z.,/MLD < 1 (i.e., mixed waters)

Zeu
10g,o(DMSPt) = 1.74 + 0.81log,(Chl) + 0.60log,, (m) (2.9b)

for Z.,/MLD > 1 (i.e., stratified waters)

Where Z., is the euphotic layer depth (m), MLD is the mixed layer depth
(m), Chl is the chlorophyll concentration (mg m=3) in surface water, and

SST is the sea surface temperature (°C).
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The Chl and Z., data are derived from the MODIS-A chl-a and diffuse
attenuation coefficient (Kyg,,,) products (Mueller and Lange, 1989). SST
was measured continuously using a Thermosalinograph, while MLD was
estimated using the CTD profiles at different stations during the campaign.
MLD was taken as the isothermal depth, defined as the depth at which
the difference between local temperature and the reference temperature (at

10 m depth) becomes 0.2°C (de Boyer Montégut et al., 2004).

2.7 DMS flux calculation

In this study, the air-sea fluxes of DMS were estimated using both bottom-

up and top-down approaches.

2.7.1 Bottom-up approach

The bottom-up approach is based on thin film model given by Liss and
Slater, (1974), assuming that the transfer across the interface is dominated
by molecular diffusion,

F=FkKAC (2.10)
F = kDMS (Cw — Ca : CY) (211)

Where, C, and C, are the DMS concentrations in bulk water and air,
respectively. kpys is the total transfer velocity of DMS and o« is the
Ostwald solubility coefficient.

The C, is measured during the campaign and C, are estimated using the
parameterization schemes given by and Gali et al. (2018; G18), respectively.
The details of G18 parameterization schemes are discussed in section 2.5.
kDMS is estimated using parameterizations by McGillis et al. (2000) as
discussed in this section.

The Ostwald solubility constant was calculated using the following SST (K)
-dependent equation (Dacey et al., 1984; Saltzmann et al., 1993).

1
In(cr) = —10.1794 + 3761.33 (SS—T) (2.12)
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1 1
= —+

il (2.13)
kDMS kw

Sl

The transfer rate for water-soluble gases is dominated by the air-side resis-
tance, whereas the water-side resistance dominates for insoluble or sparingly
soluble gases (Carpenter et al., 2012). Due to its moderate solubility in
seawater, the water-side resistance for DMS becomes dominant, however, at
low temperatures or high wind speed conditions air-side resistance becomes
important and in known to contribute 5-20% to the total resistance (Bell
et al., 2017; McGillis et al., 2000).

The water-side transfer velocity of DMS can be calculated using the wind
speed (u) and Schmidt number (Sc) dependent parameterization method

(Wanninkhof, 1992).

(2.14)

Seoms \
kw=031xu%(

660

In the above equation, u;y is the wind speed at 10 m above the sea
surface, 660 is the Schmidt number of CO, in seawater at 25°C. Scpus
was calculated using the following SST (K)-dependent equation given by
Saltzman et al. (1993).

Sepms = 2674.0 — 147127 + 3.726 T? — 0.038 T3 (2.15)

The air-side resistance can be accounted by correcting kw with the at-
mospheric gradient fraction (y,), then the total transfer coefficient can be

calculated as follows.

k=ky(l—") (2.16)
kq
,m:(1+ )_1 2.17)
ok,
Mo\ Y2
ka = kHQO <MH20> (2.18)
kHQO = 659 X U0 (219)

Where, M is the molecular weight of the gas and Mpg,o is the molecular

weight of water vapor (Kondo, 1975; McGillis et al., 2000).
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2.7.2 Top-down approach

The top-down approach uses nighttime built-up in MBL to estimate the
air-sea fluxes of trace gases (e.g., Marandino et al., 2007; Warneke and de
Gouw, 2001). In our analysis, the VC-normalized DMS mixing ratios is
used to account for the relative changes in atmospheric dilution during the
build-up periods. assuming a steady state condition between production,
loss, and entrainment, the surface DMS flux can be determined using the
following boundary layer column budget equation given by Bandy et al.
(1996).

hs, =J, —Jn =J, —w.s, (2.20)

DMS flux at the surface,
Jo = hs, +w.s, (2.21)

Where, h is MBL height, $, is the slope of the nighttime build-up of
DMSVC, and J, and J, are the DMS fluxes at the surface and MBL top,
respectively. J, is calculated as the product of entrainment velocity (w.)
and DMS mixing ratio (s,) at the beginning of the night. This method
works essentially under the assumption that the sea-to-air flux of DMS
is spatially homogenous over the area traversed during the night under

consideration.
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Processes controlling
atmospheric DMS variability and

fluxes over the Arabian Sea

Key takeaways

* Continental outflow and nighttime chemistry influence the DMS vari-

ability in the northeast coastal Arabian Sea

¢ Sharp enhancements in atmospheric DMS concentrations in response to

changes in sea surface salinity and other physicochemical parameters

* The estimated air-sea DMS flux of ~11 ymol m2 d~! was ~3 times

higher than the values reported two decades ago

3.1 Introduction

The Arabian Sea, a semi-enclosed basin in the northern Indian Ocean, is
known as one of the most biologically productive oceanic regions in the
world. It has a perennial oxygen minimum zone (Naqvi, 1991; Vidhya et
al., 2022) and has been experiencing one of the largest warming trends
among tropical oceans (Roxy et al., 2015). Seasonal changes in phyto-
plankton abundance/composition in the Arabian Sea are driven by nutrient
supply through wind-driven coastal and open-ocean upwelling systems dur-
ing the monsoon season (Sreeush et al., 2018), density-driven convective

mixing in winter (Madhupratap et al., 1996), and long-range transport and
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deposition of mineral dust (Banerjee & Prasanna Kumar, 2014; Tyagi et
al., 2020). The seasonal and spatial patterns of dominant phytoplankton
groups also show large variations (Minu et al., 2014). The phytoplankton
species composition in open ocean waters of the Arabian Sea is dominated
by diatoms and mixotrophic dinoflagellates in winter (Lakshmi et al., 2021),
and prochlorophytes and cyanobacteria during intermonsoon season (Bemal
& Anil, 2016; Gandhi et al., 2011). In coastal waters, diatoms are the dom-
inant species year-round (Ahmed et al., 2016; Minu et al., 2014), followed
by seasonally dependent abundance of dinoflagellates and cyanobacteria in
the eastern Arabian Sea (Chowdhury & Biswas, 2023; Padmakumar et
al., 2010; Vijayan et al., 2021), and prymnesiophytes in the northwest and
western regions (Barlow et al., 1999; Fuller et al., 2006; Parab et al., 2006).
Since the last decade, the northern Arabian Sea has been experiencing a
radical shift in winter phytoplankton bloom composition from diatoms to
dinoflagellates (Goes & Gomes, 2016; Mathew et al., 2021). Therefore, the
anticipated increasing emissions of DMS from the Arabian Sea could play

a significant role in the global natural sulfur budget.

Hatton et al. (1999) conducted the first study to characterize the
distribution of seawater DMS in the western coastal and open ocean regions
of the Arabian Sea during August-October 1994. They reported DMS
concentrations of 2.5-6.4 nM, with particularly enhanced values after the
summer monsoon due to a shift in the phytoplankton community from
diatoms to prymnesiophytes. Shenoy et al. (2002) reported DMS surface
concentrations of 0.7-8.0 nM during the winter of 1998 and 1999. Shenoy
et al. also elucidated the roles of physical forcings such as wind speed and
MLD and associated biological processes in DMS variability in the Arabian
Sea. Shenoy and Patil (2003) reported much higher DMS concentrations
(up to 15.4 nM) in the estuarine waters of the eastern Arabian Sea than in
the coastal and offshore waters of Oman (Hatton et al., 1999). The elevated
DMS concentrations, typically associated with the blooms of dinoflagellate
Gonyaulax polygramma, have been reported in the coastal waters of the

southeast Arabian Sea (Dias et al.,, 2023). These previous studies have
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mainly focused on the distributions of seawater DMS concentrations, but
there is a lack of DMS measurements in the marine air of the Arabian

Sea.

In addition to the DMS concentration in seawater, physical and dynamic
processes in the lower atmosphere significantly influence the exchange and
levels of DMS in the MBL (Gupta et al., 2024). Moreover, though the pro-
duction of DMS is primarily associated with biological productivity, biomass
abundance (Chl-a) supports only ~15% of the seawater DMS variability
(Bell et al., 2021). The seawater DMS concentration is determined largely
by the physical factors that drive the spatial and vertical dynamics and
associated biogeochemical processes. Therefore, it is important to under-
stand the well-resolved spatial and temporal variability of DMS and its
relationships with sea surface and atmospheric parameters to comprehend
the factors controlling DMS emissions (Royer et al., 2015). Edtbauer et
al. (2020) is the only study that reports atmospheric DMS measurements
(100-300 ppt) over the northwest coastal regions of the Arabian Sea during
the summer monsoon. The measurements of seawater DMS concentrations
and estimates of air-sea fluxes using interpolated climatologies, empirical
algorithms, and prognostic biogeochemical models have shown significant
discrepancies (Tesdal et al., 2016). Lana et al. (2011; L11) have provided
one of the most comprehensive and widely tested global monthly climatolo-
gies of surface seawater DMS concentration and flux data. The study (L11)
also reveals a large seasonal variability of DMS flux over the Arabian Sea,
with the highest value of ~29 ymol DMS m~2 d~! during the summer mon-
soon and the lowest during the pre-monsoon period (Tegtmeier et al., 2022).
Hulswar et al. (2022; H22) have reported an updated global climatology of
surface seawater DMS concentration and flux by taking into account the
new inclusions in the DMS database over the past decade. An interesting
finding of this updated climatology is that the DMS seawater concentrations
and air-sea fluxes are less than those estimated in the previous climatology
over the northern Indian Ocean (Lana et al., 2011), indicating uncertainties

resulting from the lack of DMS measurements. Nonetheless, according to
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both L11 and H22 climatologies, the Arabian Sea was found to be among
the DMS hotspot regions with fluxes up to 30 pmol DMS m~2 d~!. The
interpolation of limited in situ data with poor spatial and temporal cover-
age is the biggest source of uncertainty in model estimates of DMS flux
over the northern Indian Ocean (Tegtmeier et al., 2022). The basin-scale
estimations of DMS emission can be improved by spatiotemporally resolved
measurements of DMS variability and its relationships with key biological

and physical variables (Royer et al., 2015).

In this chapter, we have analyzed the shipborne measurements of atmo-
spheric DMS concentration conducted over the Arabian Sea to understand
the role of emissions and dominant oceanic and meteorological factors con-
trolling its variability. The high time-resolved continuous data were analyzed
to characterize the diurnal and day-to-day variability features observed in
the DMS concentrations. We have investigated the influences of local at-
mospheric chemistry and transport of different air masses along different
transects covering coastal and open ocean regions. The supporting mete-
orological and several sea surface variables have been used to determine
the direct or indirect links between the atmospheric DMS concentration
and air-sea exchange processes. To the best of our knowledge, this study
presents the first measurement of atmospheric DMS in the eastern coastal

and open ocean regions of the Arabian Sea.

3.2 Ship campaign

A shipborne experimental campaign onboard ORV Sagar Kanya (SK#374)
in the Arabian Sea was conducted during 3-23 November 2021. The Ara-
bian Sea is the western basin of the northern Indian Ocean, which lies
approximately between latitudes of 0-25°N and longitudes of 50-80°E with
a surface area of ~3.8x106 km?. It is bordered by the Arabian Peninsula
in the north, the Western Ghats (forested hills) of India in the east, the
deserts of Africa in the west, and the Southern Ocean in the south. The

cruise started from Kochi port (9.57°N; 76.16°E), India on 3 November 2021
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and sailed southwest towards the equatorial Indian Ocean until 4°N-68°E.
And then proceeded northward between 4-18°N along 68°E in the open
ocean waters of the central Arabian Sea, and finally moved east/southeast

and reached Goa port (15.41°N, 73.80°E), India on 23 November 2021.

0.8

o
o

o
~
Chlorophyll-a (mg m~3)

o
o

1000 15
Altitude (m)

50°E 60°E 70°E

Figure 3.1: Composite maps of (a) Chl-a (mg m-3) and (b) SST (°C),
retrieved from the MODIS-Aqua for the cruise period (1-24 November 2021).
The campaign average near-surface wind vector field (m s—') overlaid on the
SST map was obtained from the ERA-5 reanalysis data. The numbers along
the cruise track represent the reference date (day of November 2021 at 00
hr; triangles). The oceanographic sampling locations are shown in (a) (pink
squares; annotated in red). The bottom panels (c-e) are the 5-day backward

air mass trajectories over the R1, R2, and R3 regions, respectively.

Overall, the cruise track covered the northern coastal, and southeast and
central open ocean regions of the Arabian Sea. As shown in Figure 3.1b,
the data measured during the campaign are divided into three different
regions of R1 (3-11 November), R2 (12-18 November), and R3 (19-23

November), representing the southeast, central, and coastal Arabian Sea,
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respectively. These regions can be characterized by distinct hydrographic
and biogeochemical features, marked by noticeable differences in biological

productivity and anthropogenic/terrestrial influences (Figure 3.1).

3.3 Results and Discussion

3.3.1 Environmental and hydrographic conditions during the cam-
paign

The satellite-derived SST and Chl-a distributions exhibit significant spatial
variability, with northwest-to-southeast increasing and decreasing trends,
respectively (Figure 3.1a,b). During the campaign period, daily in situ
measurements of SST, salinity, and wind speed varied in the ranges of
28.5-29.5°C, 34.5-36.5, and 3—-11 m s~!, respectively. However, with some
short-term variations, the SST data shows a north-south increasing latitu-
dinal trend (Figure 3.1b) and average values of 29.38+0.18, 29.04+0.15,

28.90+0.46 °C in the R1, R2, and R3 regions, respectively (Table 3.1).

Table 3.1: Region and campaign mean (+standard deviation) of DMS
mixing ratio, meteorological and hydrographic parameters over the Arabian
Sea during 4-23 November 2021.

Parameters R1 R2 R3 All data
DMS (ppt)’ 99487 [4] 62+53 [3] 116+120 [7] 91487 [3]
Wind speed (m s~ 1) 7.61+2.57 6.99+2.5 3.92+1.87 6.76+2.88
SST (°C) 29.38+0.18 | 29.04+0.15 | 28.90+0.46 | 29.13+0.34
Salinity 35.64+0.67 36.32+0.07 34.96+0.37 35.71+0.67
Solar flux (W/m?) 183+267 1444225 1414207 158+239
Pressure (mb) 1008.4+1.3 1007.3+1.6 1007.6+2.7 1007.6+2.0
Air temperature(°C) | 27.29+0.91 27.35+0.37 | 27.65+0.91 217.24+0.92
Relative 76.67+5.36 74.04+4.95 79.32+5.25 77.38+5.84
humidity(%)

Chl-a (mg m™3) 0.46+0.53 0.21+0.03 0.37+0.21 0.35+0.39

fStandard error [SE]
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The distribution of Chl-a concentration shows significant spatial het-
erogeneity, with highly enhanced concentrations (>1 mg m~3) in western
coastal waters of India and around Maldives islands (0-5°N, 73°E), indi-
cating higher abundance in phytoplankton biomass than in the open ocean
waters of the central Arabian Sea. The coastal primary productivity is
mainly influenced by the input of nutrients from terrestrial sources. In the
open ocean waters, the Chl-a data shows higher concentrations in region R1
(9-11 November) than in the central Arabian Sea region R2 (12-15 Novem-
ber). Transects also covered concentrated patches of Chl-a in the coastal
waters of R1 (southeast Arabian Sea) and R3 (northeast Arabian Sea). The
regions with elevated Chl-a concentrations (>1 mg m~3) in offshore waters
of the southern Arabian Sea (4—10°N) coincide with the colder SST patches.
The high Chl-a in the northwest Arabian Sea is driven by winter convective
mixing (Keerthi et al., 2017). As the post-monsoon season transitions to
winter (northeast monsoon), weaker surface wind circulation changes to
strong northeast trade winds over the Arabian Sea. The transport of cold
and dry air masses from the northern continental regions causes evapora-
tive cooling (Thoppil et al., 2022), leading to higher salinity in the surface
waters of the northeast Arabian Sea during early November. The denser
surface water sinks and brings the nutrient-rich subsurface water to the
surface, triggering intense blooms of diatoms and dinoflagellates (Garrison
et al., 2000; Gomes et al., 2016), which proliferate towards the open ocean
Arabian Sea as winter progresses. During early winter, picophytoplankton
(Prochlorococcus and Synechococcus) contribute significantly to the plankton
biomass and productivity in the oligotrophic waters of the central Arabian
Sea (Garrison et al., 2000). As shown in Figure 3.1a and b, the high SST
and low Chl-a values at lower latitudes (0—10°N) were associated with warm
and stratified surface ocean conditions, which resulted in reduced nutrient
supply into the euphotic zone and hence lesser productivity (Kumar et al.,

2000).

The Arabian Sea is known for high surface salinity (>35) due to the

negligible freshwater inputs and higher evaporation exceeding annual mean
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precipitation (Rao and Sivakumar, 2003). The in situ measurements of
salinity in R1 (~32.2-36.4) and R3 (34.7-36.5) showed more pronounced
variations than in the central Arabian Sea (35.7-36.4), despite large lat-
itudinal coverage of R2 (Figure 3.1b). The salinity sharply decreased
during the transition from the open ocean to coastal waters due to riverine
freshwater input. However, the lower salinity in the open ocean at lower
latitudes (5—8°N) could be due to the advection of low salinity waters from
the eastern tropical Indian Ocean (Zhu et al.,, 2022). The wind speed
data showed large variations (0.5-15.5 m s™!) across the different regions.
Episodes of strong winds (>10 m s™!) during 6-12 November were associated
with scattered rainstorms. The wind flow was predominantly from the NW,
north, and east/SW directions during the measurements along the R1, R2,
and R3 transects, respectively. As shown in Figure 3.1b, the prevailing
stronger westerly winds over the southern Arabian Sea (5-10° N) were
part of the Indian Ocean Equatorial Westerlies (IEW) (Hastenrath et al.,
1993). The campaign means of air temperature (T,) and relative humidity
(RH) were 27.2+0.9°C and 77.4+5.8%, respectively. Levels of T, and RH
showed local time dependence with more pronounced diurnal variations
over coastal regions than over the open ocean. However, some periods of
short-scale rapid fluctuations in Ta and RH were also noted, particularly
during the strong winds. During 13-17 November over R2, the analysis
of back-trajectories indicates the transport of continental air masses orig-
inated from the Indo-Gangetic plain (IGP) (Figure 3.1d). The transport
of maritime air masses from the productive western Arabian Sea prevailed

during 5-12 November over parts of R1 and R2.

3.3.2 Time series variation of atmospheric DMS concentration

The time series of DMS mixing ratio shows large variations in the ranges
of 22-415, 20-382, and 30-709 ppt over the R1, R2, and R3 regions,
respectively (Figure 3.2a). The difference in mean DMS observed over

R1, R2, and R3 were statistically significant (y?= 90.08, K-W p<0.0001
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Figure 3.2: Time series variations of (a) DMS mixing ratio, DMSy ., solar
flux, and MODIS-A Chl-a concentration, (b) SST and salinity, and (c, d)
several meteorological parameters along the ship track. The dashed vertical
lines separate the track into three transects of R1, R2, and R3, as discussed

in section 2.1.

[@=0.05]). Measurements over R1 and R3 show higher DMS levels and
large diurnal and day-to-day variations than over R2. The background
values of DMS, calculated as the 5th percentile (Apte et al., 2017), were
almost the same over central (R2; ~34.2 ppt) and southeast (R1; ~33.6 ppt)
Arabian Sea. However, a slightly higher background concentration of ~38.6
ppt was estimated for the northeast coastal region (R3). The DMS mixing
ratios are higher in regions with higher satellite-derived concentrations
of Chl-a in surface seawater of R1 (0.14-1.2 mg m~3) and R3 (0.18-0.34
mg m®) than in R2 (0.15-0.31 mg m™3). A strong positive correlation
between the daily mean DMS mixing ratio and log;-transformed Chl-a
concentration (Pearson’s r = 0.72; (Figure 3.3) indicates the significant role
of phytoplankton biomass among factors driving oceanic DMS emissions to

the atmosphere. The relationship between DMS and Chl-a over the Arabian
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Sea is parametrized as function: DMS = 52 xlog,(Chl,) + 189.
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Figure 3.3: Linear regression fit between daily means of in situ DMS
mixing ratio and logs-transformed satellite-derived Chl-a concentration in
the Arabian Sea observed during 3-23 November 2021.

Regardless of the time of day, in many instances, the measurements
of elevated DMS peaks were typically associated with lower salinities or
sudden changes in salinity levels. The impact of salinity fluctuations is
particularly evident during 17-18 November, when sharp nighttime DMS
peaks coincided with sudden dips in salinity in otherwise steady salinity
in R2. On 11 November, a broad DMS peak (345 ppt) with a simultaneous
increase in salinity (0.6) and decrease in SST (0.5°C) reflects the influence
of the upwelling of DMS-rich sub-surface waters. The subsurface waters
are more saline than surface waters in the central Arabian Sea (Hareesh
Kumar & Mathew, 1997). Thus, a localized drop in SST accompanied by
an increase in salinity may indicate vertical mixing in the surface layer
and upwelling of deeper surface as well as sub-surface waters that are
nutrient-rich, cooler, and therefore more productive. Upwelling enhances
the surface concentration of DMS by bringing the nutrient-rich waters to
the surface and promoting phytoplankton growth, and by exposing the sub-
surface DMS pool to the surface for the sea-air exchange (e.g., Zindler et

al., 2012). The amplified release of DMSP due to thermal and osmotic
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stresses on the phytoplankton could also be an important factor for the
higher DMS concentrations (Kettles et al., 2014; Speeckaert et al., 2019).
The DMS levels were significantly higher (250 ppt) in the afternoon of 11
November compared to the preceding 3 days (~50 ppt) with similar solar
flux, indicating increased DMS emissions during upwelling events. Similar
occurrences of elevated DMS concentrations associated with SST and salinity
fluctuations have been attributed to upwelling systems over the western
coastal Arabian Sea (Warneke & de Gouw, 2001) and subpolar coastal
waters (Herr et al., 2019). However, the DMS mixing ratio and salinity
do not show any direct correlation, as DMS peaks were measured over
both low- and high-saline surface waters (Figure 3.2). This could mainly be
attributed to heterogeneity in biogeochemical properties like phytoplankton
abundance and taxonomy, resulting in variability in DMS source strength

along the ship track.

The wind speed is an important parameter controlling the air-sea ex-
change and transport processes in the MBL (Wanninkhof et al., 2009).
However, except for a few cases mostly in central Arabian Sea, the relative
changes in DMS mixing ratios do not show any direct relation with the
wind speed within or among the different biogeochemical regions. The wind
speeds in the central Arabian Sea (R2) were low to moderate (5-10 m s™1).
The sharp enhancements of DMS during 17-18 November were associated
with rapid fluctuation in meteorological parameters and a drop in salin-
ity. In contrast to R2, multiple DMS peaks over the northeast coastal
region (R3) were associated with light winds (<6 m s™!). However, this
region also experienced higher T, (27-31°C), partly cloudy conditions, lower
salinity, higher SST, and elevated Chl-a concentrations. Stagnant wind
conditions during the elevated DMS levels with frequent peaks/spikes in R3
could be attributed to less efficient dispersion of DMS and stronger source
concentrations, leading to sustained higher levels despite the chemical loss
processes. Interestingly, DMS peaks were more pronounced in SW maritime
winds than in the east and NE continental winds. Therefore, in addition

to local air-sea fluxes, the transport of marine air masses originating from
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nearby coastal waters could have contributed to the elevated levels of DMS
in R3 due to the prevailing low-pressure system. Nonetheless, the direct
impact of wind speed-induced regulation of DMS exchange is not seen in
the observed atmospheric DMS levels along the R1 and R3 regions. Apart
from the role of horizontal advection of DMS enriched air masses, another
crucial factor could be the small-scale changes in physical and biogeochemi-
cal properties in oceanic mixed layer determining the DMS source strength.
Marandino et al. (2009) and Yang et al. (2011) have also reported a
lack of noticeable wind speed dependence of DMS fluxes in the tropical
Pacific and Southern Ocean (45-60° S), respectively, concluding the complex
relationship of DMS transfer with wind speed that could be controlled by

oceanic physical properties such as SST.

DMSy - has been used to account for turbulence and wind-driven vari-
ability (Sahu et al., 2022 and references therein). Except for a few instances,
the time series variability of DMS, . does not show significant differences
from that of DMS variability (Figure 3.2a). Therefore, the similarity in
DMS and DMSy - trends suggests that oceanic factors drove the variability
features, particularly the DMS enhancements. For instance, on the after-
noon of 11 November, highly elevated levels of DMS,~ (300-800 ppt) were
associated with a local upwelling event and a strong salinity gradient de-
spite the high MBLH and photochemical loss. In region R3, the differences
(~100-200 ppt) between DMS and DMSy ~ during the morning of 19 and 21
November were associated with significant changes in oceanic parameters
and VC (Figure 3.2), respectively. Except during 10-12 November, all the
enhancements in DMSy - were slightly higher than those observed in the
DMS mixing ratio. In summary, the analysis clearly shows that the dilution
of DMS in the MBL does not alter the variability, particularly the features

attributed to the changes in oceanic biogeochemical conditions.

The analysis of 5-day backward trajectories revealed that air masses
advected over R1 originated over the highly productive western Arabian
Sea, off the Somalia coast. The bloom of phytoplankton off the coast

of Somalia starts in mid-November and peaks during January-February
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(Liao et al., 2017). Whereas, local air masses that originated from the
shelf regions of the eastern Arabian Sea (EAS) prevailed over R3. It is
important to note that the northern part of the EAS is influenced by the
convective mixing leading to phytoplankton blooms in winter (Madhupratap
et al., 1996). In particular, widespread blooms of dinoflagellate, green
Noctiluca, have been reported in the north-EAS regions during the winter
season. In contrast to the R1 and R3 regions, the back trajectories over
R2 were influenced by the long-range transport of continental air masses,
which resulted in a drastic decline of DMS in the MBL. DMS levels are
clearly enhanced for air masses that travelled over the oceanic regions and
dropped considerably in samples of air masses that stayed predominantly

in the continental and free tropospheric regions (see Figure 3.1c-e).
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Figure 3.4: Log-log scatter plot of DMS mixing ratio versus chlorophyll
exposure of air masses (E,) along 48-hour back-trajectories. A red vertical
dashed line broadly distinguishes the measurements affected by predominant
contributions from local sources (left) and transport from distant sources
(right).

To quantify the contributions from long-range transport of biogenic DMS
in the measured air mass, we calculated the chlorophyll exposure of air
masses (E,) along 2-day back-trajectory (Eq. 2.5). E, could be a useful
parameter for quantitative understanding of the variations in atmospheric

concentration of DMS with the exposure of the air masses to the phyto-
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plankton at the ocean surface before reaching the measurement location,
while accounting for the loss and free tropospheric intrusions. The scatter
plot between DMS and E, (Figure 3.4) shows an overall increase in DMS
with E,. The DMS values diverge at different slope rates for E, <0.18

-3

and >0.18 mg m°, suggesting that the enhancements in DMS from local
or regional sources are more prominent than from transported air masses.
About 12% of the measurements with enhancements (>100 ppt) in DMS
levels correspond to the measurements of air masses with high E, (>0.18
mg m~3). Greater transport-based DMS enhancements are observed in R1
and R3, than in the R2 region. About 60% and 70% of air masses with
higher E, (>0.18 mg m~3) were measured in the regions R1 and R3, re-
spectively. E, values were lowest for the air masses measured along R2,

mainly due to continental transport on most days of measurements in the

central Arabian Sea (Figure 3.1d).

The DMS mixing ratios measured in the MBL of the southeast and
coastal Arabian Sea (22.5-709 ppt) are higher than those reported over
other tropical oceanic regions. The DMS mixing ratios of up to 300 ppt were
reported in the western tropical Indian Ocean during the Asian summer
monsoon (Zavarsky et al., 2018b). Andreae et al. (1993) reported DMS
mixing ratios between 20-100 ppt during July-September, and Williams
et al. (2004) reported a mean value of 50 ppt during October-November
over the tropical Atlantic Ocean. The DMS mixing ratio reported over the
tropical Pacific Ocean ranged between 2-220 ppt in October (Marandino
et al., 2013) and 22-157 ppt in August-September (Simpson et al., 2014).
However, the mixing ratios over the central Arabian Sea (62+53 ppt) are
close to the values reported over other oligotrophic open ocean regions

(Marandino et al., 2013 and references therein).

3.3.3 Diurnal variation of atmospheric DMS concentration

We investigated the periodicity observed on shorter time scales in the time
series of DMS mixing ratio to characterize its local time dependence in the

MBL. The spatial variability in seawater DMS is considered to be largely
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dependent on the overall Chl-a concentration and typical biological charac-
teristics, such as phytoplankton productivity and community composition,
within the three oceanic regions of R1, R2 and R3. In the region R1, the
DMS mixing ratio shows a clear diurnal cycle with two broad peaks during
the morning and evening, with hourly median values in the range of 41-140
ppt. The diurnal cycle in region R2 shows lesser variability (38-56 ppt)
compared to those in R1 and R3 (Figure 3.5), which is consistent with a
study by Royer et al. (2015) reporting lesser DMS variability in oligotrophic

waters than in the productive regions.
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Figure 3.5: Average (+1o) and median diurnal variations of the DMS
mixing ratio and mean solar flux measured over the three different regions
of the Arabian Sea during 3-23 November 2021.

The distinct diurnal variation of DMS in region R2 characterizes the
measurements under lesser anthropogenic influences and lower oceanic pro-

ductivity. Several studies have reported similar diurnal cycles of DMS, with
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late afternoon minimum and early morning maximum, in cleaner marine
air (e.g., de Bruyn et al., 2002; Lawson et al., 2020; Marandino et al., 2007).
The daytime decrease is consistent with those observed in other regions,
explained by the DMS+OH oxidation reaction. The increase in median DMS
concentrations after sunset and higher levels during nighttime is attributed
to lower air-sea exchange due to weaker source, and reduced NO; oxidation
compared to R1 and R3. The higher mean mixing ratios in the evening
hours and deviation from the median pattern in the diurnal pattern over
R2 (Figure 3.5b) could be due to occurrences of anomalous DMS spikes
induced by local meteorological disturbances during 17-18 November. The
diurnal amplitude of DMS (maximum/minimum ratio of ~1.5) in the cen-
tral Arabian Sea was within the range (1.2-1.7) reported for the remote
marine atmosphere (de Bruyn et al., 2002; Lawson et al., 2020a; Sciare et
al., 2000). For example, the diurnal measurements at Cape Grim baseline
(40-70 ppt) (Ayers and Gillett, 2000), over the tropical Indian Ocean (25-60
ppt) (Warneke and de Gouw, 2001), and at Kiritimati in the tropical Pacific
(120-—-200 ppt) (Bandy et al., 1996) show similar patterns to that over the

central Arabian Sea.

In addition to atmospheric processes, the DMS concentrations in seawa-
ter could be a more important factor in controlling its diurnal variability
over R2 than in R1 and R3. The central Arabian Sea is known to be olig-
otrophic during fall-intermonsoon (October—November) due to strong surface
stratification (Kumar et al., 2000). The nutrient limitation facilitates the
growth of marine cyanobacteria such as Trichodesmium, Synechococcus,
and Prochlorococcus in surface waters of the central Arabian Sea. How-
ever, cyanobacteria are low DMSP-producing phytoplankton (McParland &
Levine, 2019), resulting in low sea surface DMS concentrations (Stefels
et al., 2007) and reduced air-sea exchanges, particularly under low wind
conditions. However, previous studies have shown that, depending on solar
radiation, the DMS diurnal cycle in nutrient-limited water is controlled by
microbial production and consumption (Royer et al., 2016; Toole & Siegel,

2004). Royer et al. (2016) reported that the production of DMS in surface
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Figure 3.6: Wind direction along the cruise track in the coastal region of
the northeast Arabian Sea (19-23 November; R3) overlaid on the campaign
composite MODIS-A Chl-a map. The color of the arrow indicates the time
(hr) of the day, respectively.

waters increases with solar radiation at dawn and reaches its maximum
value at dusk. The DMS diurnal variations over the productive regions of
R1 and R3 show nearly similar features. In polluted marine air of R3, the
DMS mixing ratio shows stronger variability (hourly median: 57-328 ppt)
with two sharp peaks, the first after sunrise and the second at sunset.
However, compared to region R1, the levels of DMS during the early morn-
ing hours were much lower than the diurnal maximum value, resulting in a
more pronounced diurnal variation in region R3. In the near-coastal region,
the nighttime DMS minimum can be attributed to dilution due to the land
breeze circulation (Figure 3.6) and DMS + NO; reaction (Bardouki et al.,
2003; Osthoff et al., 2009). The NO; levels are typically high in coastal
MBL due to proximity to the land/anthropogenic activities (Stark et al.,
2005). Higher levels of NO; precursors (NOx and O3;) have been reported in
the coastal MBL (e.g., Debaje & Johnson Jeyakumar, 2011; Jia et al., 2017;
Lal et al., 2006; Tadic et al., 2020) due to the ship exhausts, outflow of
continental pollutants, secondary chemical production, etc. The higher NO;

concentrations can result in an increased nighttime DMS loss in the coastal
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Figure 3.7: Time series of DMS and benzene mixing ratios elucidating the
effect of polluted continental and cleaner marine air masses in the northeast
coastal region of the Arabian Sea during 20-23 November 2021.

MBL than over the open ocean. Marandino et al. (2007) have reported
similar diurnal variation of atmospheric DMS in the equatorial upwelling
region of the tropical Pacific Ocean, with an increase in the evening and
a sharp decrease just before midnight, suggesting oxidation loss by NO;
radicals.

However, in this study, the nighttime DMS mixing ratio over R3 exhib-
ited higher fluctuations when winds were from the land, compared to the
maritime winds (Figure 3.7). To investigate this short-term variability
in nighttime DMS measurements, we have used the benzene mixing ratio
data measured during the present campaign. Benzene is a relatively long-
lived VOC (lifetime ~2 weeks) emitted mainly from traffic and industrial
sources, and has been used as a tracer to identify the air masses influenced
by anthropogenic sources in the coastal marine atmosphere (Bourtsoukidis
et al., 2019; de Gouw et al., 2005). The OH reaction rates of DMS
(6.5 x 1072 cm3molecule 's™1) and benzene (1.2 x 1072 c¢m? molecule ™' s™1)
are of a similar order. But the NO; rate constant (kno,) of benzene
(~ 107" c¢m®molecule 's~!) is several orders of magnitude lower than that
of DMS (~ 9.8 x 1071 cm?® molecule ' s™!) (Atkinson et al., 1988; Atkinson &
Arey, 2003). Therefore, the levels of benzene are expected to show a lesser
response to NO; chemistry than DMS, and its nighttime variability indi-

cates the extent of the continental influence. The multiple sharp peaks of

56



Chapter 3

DMS observed during the nights of 20-21 November were observed during
highly elevated benzene mixing ratios and continental winds. Interestingly,
during these nights, the increasing (decreased) DMS mixing ratios coincide
with the decreasing (increasing) benzene mixing ratios. These sharp DMS
enhancements could be due to the rapid consumption of NO; by more reac-
tive VOCs, such as alkenes and terpenoids (with higher kxo, ~ 1071110713
cm?® molecule™! s7!) present at larger concentrations in continental outflow.
In contrast, during 22-23 November, when the winds were predominantly
from the oceanic regions and benzene concentrations were much lower (0.1-
0.3 ppb), a clear diurnal pattern was observed with a smoother nighttime
decline in DMS associated with DMS-NO; chemistry. However, irrespective
of the nighttime variability pattern, the higher magnitudes of the DMS
peaks measured in maritime air masses over R3 than those in polluted air
masses establish the role of increased NO;3; chemistry under the influence

of continental air masses.

The nighttime DMS chemistry could significantly affect the SOA forma-
tion, particularly over the coastal regions influenced by terrestrial/anthropogenic
outflow. The interference of continental air masses in the NO; oxidation
pathway of DMS can also alter the expected secondary sulfate yield as
well as aerosol composition (Chen & Jang, 2012). The changes in aerosol
composition can influence CCN efficiency at a given supersaturation by mod-
ifying the particle hygroscopicity and size distribution (Sun & Ariya, 2006),
thereby modulating cloud droplet concentrations (Xu et al., 2023). Subse-
quently, changes in aerosol composition from the modulation of DMS-NO;
chemistry in MBL can affect the cloud radiative properties and regional
climate dynamics (Manavi et al., 2025) and add to the uncertainties in pre-
dictions of DMS-derived aerosols over the Arabian Sea. Thus, it is essential
to incorporate the airmass interactions in the secondary aerosol formation
over the coastal waters of the Arabian Sea, particularly to account for the
interference of highly reactive species, present in continental outflow, in

the nighttime DMS oxidation pathways.
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3.3.4 Effect of salinity changes on DMS

Among the factors, salinity is known to be extensively regulated by the
DMS/DMSP production and its accumulation in seawater (Stefels et al.,
2007). Several studies have reported a multi-fold increase in seawater
DMS concentrations with the increase of salinity, especially in subpolar
and polar waters (Herr et al., 2019; Park et al.,, 2019). To assess the
effect of salinity on DMS production influencing its variability in marine
atmosphere, we have calculated temporal change in salinity and examined
its relation with the atmospheric DMS variability. The temporal change in
salinity was calculated as a time derivative over a 2-hour interval using

salinity data measured at adjacent points (index +1) at each hour.

0S AS  Siy—Sia

s 1
S ot At 2 3.1

Where S is the rate of change in salinity (hr™') and i is the index number
of hour under consideration. The hourly diurnal matrices of the DMS
mixing ratio and salinity gradient are shown in Figure 3.8. The values of
S were between -0.3 to 0.2 hr—!, showing higher salinity gradient in the
R1 and R3 regions. In most cases, the enhancements in the DMS mixing
ratio coincided or followed the sharp changes in salinity. For instance, on
9 November, a rise in DMS can be observed with onset of a dip in salinity

! at 05 hr and intensified to 360 ppt coinciding

at a gradient of -0.1 hr—
with peak gradient of -0.15 hr~! at 06 hr. Other prominent DMS features
on 6, 20 and 21 November were associated with the salinity gradients in
the range of +0.05 to +0.17 hr!. Although the enhancements in DMS do
not show a clear dependence on the magnitude or direction (increase or
decrease) of the salinity gradient, the DMS peaks tend to coincide with
positive salinity gradients more often than negative gradients. Salinity and
DMS levels do not show a direct relation (as discussed in section 3.3.2),
however, the present analysis indicates a possible link between short-term

salinity fluctuations and variability of DMS flux into the MBL. Shenoy et

al. (2002) have reported high seawater DMS concentrations associated with
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Figure 3.8: Diurnal matrices of hourly DMS mixing ratio (top) and sea
surface salinity (S) gradient (bottom) of the measurements over the Arabian
Sea during 4-23 November 2021.

the salinity front in the tropical Indian Ocean. Niki et al. (2007) reported
rapid release of DMSP by a dinoflagellate species on salinity down-shock,
and subsequent conversion of DMSP to DMS by the same species.
Salinity shocks can lead to stress-induced enhancements in the biological
production of DMSP in seawater. DMSP, the precursor of DMS in seawa-
ter, is classified as a compatible solute as it serves physiological functions
without disrupting cellular processes in phytoplankton (Keller & Korjeff-
Bellows, 1996; Stefels, 2000). Salinity fluctuations can cause physiological
stress in marine phytoplankton, triggering increased intracellular produc-
tion and higher rates of DMSP release in phytoplankton during osmotic
adjustments (Krist, 1996). Though salinity shocks can induce osmotic stress,
the change in intracellular DMSP and its release also depend on phyto-

plankton species, nutrient availability, and microbial interactions (Burdett
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et al., 2015; Gwinn et al., 2019; Kettles et al., 2014; Liang et al., 2023).
In addition to the oxidative trigger, the salinity changes associated with
nutrient-rich upwelling events can also enhance DMS flux by increasing sur-
face biomass production through upwelled nutrients and/or facilitating the
transport of DMS from subsurface/deeper surface to the interfacial surface
waters. Deeper surface waters can have accumulated DMS from biological
activity due to its slower loss to the atmosphere via air-sea exchange (Liang
et al., 2023; Zindler et al., 2012). Upwelling events are triggered by strong
winds and characterized by cooler SST and T, (Aguirre et al., 2021).

In (Figure 3.9), the drastic changes in salinity and SST were seen
to occur around several DMS peaks. The increased levels of DMS on 11
and 17-18 November in the central Arabian Sea associated with salinity
fluctuations induced by the upwelling episodes are shown in Figure 3.9 and
discussed in Section 3.2. The incidences of increased SST and decreased
salinity were most evidently observed on 7 November (Figure 3.9¢) and 21
November (Figure 3.9c¢), which could be due to small-scale overturning of
surface waters and leading to upwelling of nutrient-rich subsurface waters.
These overturning processes could be driven by the rapid fluctuations in
meteorological parameters or an increase in the density of surface water
from a steady rise and fall in salinity and SST, respectively, preceding the
DMS events. Asher et al. (2017) have reported that the recently upwelled,
saline waters and phytoplankton productivity provide favorable conditions

for DMS accumulation.

As shown in Figure 3.9b and ¢, the sharp DMS peaks observed at
midnight and afternoon hours are inconsistent with the typical diurnal fea-
ture of DMS in MBL and coincide with strong salinity gradients. Typically,
the afternoon and nighttime DMS variability is dominated by loss via OH
chemistry in the afternoon hours, and lack of photosynthetic activity of
phytoplankton and NOj loss during the nighttime. However, the anomalous
rise of DMS levels from low baseline values, prompting an increase of 330
ppt at midnight (0300 hr; Figure 3.9b) and 160 ppt in afternoon (1200
hr; Figure 3.9¢) could be triggered by a rise in DMS exchange in response
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to a localized salinity gradient. The measurements of anomalously broad
morning peaks of DMS coincided with or immediately followed a steep
gradient in salinity (Figure 3.9d-f). These features indicate large DMS
fluxes caused by salinity stress, which decelerated its OH removal, leading

to broad morning peaks.
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Figure 3.9: Variation of DMS (green), salinity (blue), and SST (red) during
the most noticeable salinity gradient events over the Arabian Sea, including
the dates. (a) 6 November 2021, (b) 17 November 2021, (¢c) 7 November 2021,
(d) 21 November 2021, (e) 9 November 2021, and (f) 22 November 2021

The investigation of DMS mixing ratio and salinity gradient data sig-
nifies the impact of direct transport (upwelling) of DMS-rich subsurface
waters and indirectly through biogeochemical production. Nevertheless, the
salinity up- and down-shocks (>1) are reported to increase DMS production
(Asher et al., 2017; Magalhaes et al., 2012), while in our study, it ranged

between -0.3 to 0.2 hr~! of observation in spatiotemporal domain (Figure
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Figure 3.10: Scatterplots between (a) DMS mixing ratio (all day and
night data, color-coded with local time of the day) and (b) nighttime DMS
enhancements (color-coded with Ea) and VC over R1, R2, and R3 transects.

The red curve represents exponential decay fits.

3.8). This emphasizes that a detailed investigation of the phytoplankton
community structure is essential to understand the sensitive responses of

DMS variability to small salinity variations in the Arabian Sea.

3.3.5 Impact of meteorological and oceanic parameters on night-
time DMS enhancements

3.3.5.1 Dilution of DMS in the MBL

The relationships between the DMS mixing ratio and VC in the three
transects of R1, R2, and R3 are shown in Figure 3.10a. The DMS
data measured during a localized upwelling event on 11 November were
excluded from the analysis. DMS levels during this event, despite high
VC values, were predominantly driven by oceanic conditions and were thus
considered outliers. Mostly, the data points with the elevated DMS levels
(100-602 ppt) were associated with relatively lower VC values (< 8 x 103

m? s7!) throughout the campaign. Most enhancements in the DMS mixing
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ratio were measured during early morning and nighttime hours, which
coincide with relatively lower VC values. The photochemistry and boundary
layer dynamics act simultaneously during the afternoon (12-16 hr), but
separating the effects of ventilation and photochemical loss during this
period is difficult. Therefore, except for some data points, the combined
photo-oxidation and dilution-driven loss could have resulted in the lower
DMS mixing ratios (< 70 ppt) during the afternoon. Overall, but particularly
during nighttime, the DMS mixing ratios show a decreasing trend with the
increasing VC, highlighting the important role of atmospheric dilution in
controlling DMS variability over the Arabian Sea. We segregated the
nighttime DMS spikes (DMS,,;jpiime > 55 ppt in R1 & R2; >80 ppt in R3)
to parameterize its dependence on VC (Figure 3.10b).
The enhanced nighttime DMS concentrations in regions R1 and R2 declined
as VC increased, but no clear relationship was observed in region R3. The
DMS-VC relations during nighttime enhancements in R1 and R2 regions
can be described by the following exponential decay functions. In region
R1,

[DMS]; = 368 + 266 ¢ 18 x 107° VG (3.2)

In region R2,
[DMS]; = —25.7 + 647 ¢ 10 * 1070 VG (3.3)

In region R3, the lack of any clear relationships could be due to the
increased significance of nighttime radical chemistry attributed to the in-
fluence of continental outflow. The nighttime data points with a significant
Chl-a exposure (Ea: 1-4 mg m-3) of air masses measured in R3 were rel-
atively higher than those in other regions. Moreover, the lower VC values
(< 7x103 m? s7!) suggest less efficient ventilation in this region. The si-
multaneous interactions of various oceanic-atmospheric processes, including
higher biomass abundance and increased DMS-NO; chemistry, contribute
to the complexities in quantifying the direct dependence of DMS on VC in

coastal environments.
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3.3.5.2 Impact of sea surface parameters

We further investigated the correlations of DMS mixing ratios with sea
surface temperature (SST) and salinity separately, using data from the
three transects (Figure 3.11). Over regions R1 and R2, DMS mixing ratios
exhibited a positive correlation with SST and a negative correlation with
salinity.

In region R1, the DMS-SST correlation was weak (r? = 0.29), while the
correlation with salinity was strong (> = 0.68). Conversely, in region R2, the
DMS mixing ratio was particularly sensitive to SST changes, showing an
excellent positive correlation (r? = 0.88), but a weaker negative correlation
with salinity (> = 0.37). Although with smaller magnitudes than those
observed in regions R1 and R3, the nighttime spikes in the R2 region
were associated with an overall slight variation in SST by ~ 0.4 °C. The
DMS mixing ratio in R3 shows poor correlations with SST and salinity;
however, enhancements were measured at relatively lower SST values. As
influenced significantly by local/regional transport (Figure 3.4), the low
(high) DMS levels in region R1 were associated with high (low) wind speed
(Figure 3.11a) and low (high) E, (Figure 3.11b). The DMS spikes observed
at night occurred during low winds in R1 (< 7 m s™!) and R3 (1-10 m s™}),
while those in region R2 were associated with stronger winds (> 10 m s ).
However, the DMS mixing ratio in R3 does not show any clear trends with
either wind speed or E,.

In summary, the results in region R2 suggest that wind-driven exchange
and SST can be significant factors in DMS enhancements in the MBL over
oligotrophic open oceans. The nutrient-poor open-ocean waters, shallow
stratified mixed layer, and lower winds allow the DMS to accumulate under
synergetic microbial activity, leading to nighttime DMS enhancements and
spikes in the MBL when wind speed briefly increases (Royer et al., 2015).
In the open ocean and offshore waters of R1, local biogeochemistry and
oceanic conditions play a more crucial role in DMS enhancements, given the
negligible influence of continental/anthropogenic air masses as observed in

R1. On the contrary, in coastal waters, complex wind flow, heterogeneous
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Figure 3.11: Correlations of DMS mixing ratio (nighttime enhancements)
with SST and salinity over the R1, R2, and R3 transects. The data points
are color-coded with (a) wind speed and (b) air mass chlorophyll exposure

(E,). The black line in each panel represents a linear regression fit.

air masses, and simultaneous interactions of various oceanic and atmo-
spheric processes contribute to the difficulty in studying the dependence of

DMS variability on different parameters.

3.3.6 Influence of seawater nitrate availability on DMS exchange

Besides salinity change, limiting nutrients in seawater is another phys-
iochemical parameter that can impact the release of DMSP from phyto-

plankton cells (Andreae et al., 1999; Sunda et al., 2002; 2007) and, thus,
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Figure 3.12: (a) Variation of DMS mixing ratio with the surface seawater
nitrate concentration sampled at different oceanographic sampling stations,
(b) DMS vs nitrate scatterplot (excluding station L6) with linear regression
fit for all data points. Data points from the coastal (orange) and oligotrophic
open ocean (blue) regions are highlighted.

the amount of DMS emission into the atmosphere. To assess the role of
nitrogen (N)-limitation on the DMS levels, we examined the relations be-
tween the DMS mixing ratio and seawater nitrate concentration measured
at different stations during the campaign (Figure 3.12), considering that
the atmospheric DMS mixing ratio is strongly driven by its concentration in
seawater. Overall, the time series of DMS mixing ratio and nitrate concen-
tration tend to show anti-correlated variation as shown in Figure 3.12a.
However, the relationship is highly inconsistent due to drastic changes in
the biogeochemical regime and other atmospheric processes between all 13

stations.

The DMS and nitrate concentrations show a weak negative correlation
(r? = 0.14; slope = —18.13 ppt uM~!) over the Arabian Sea (Figure 3.12b).
The anomalously high DMS (209 ppt) values at L6 station (Figure 3.1a),
associated with the changes in salinity and biomass abundances, caused
by an upwelling event, are excluded from this analysis. As shown in Fig-
ure 3.12b, the measurements over distinct biogeochemical regimes of coastal
regions dominated by diatoms and dinoflagellate species (Hardikar et al.,
2017; Krishnankutty et al., 2019) and the stratified oligotrophic (nitrate
< 1 uM, phosphate < 0.4 M) open ocean (dominated by Prochlorococcus
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and Synechococcus) reveal an increase in the DMS mixing ratios with the
decrease in nitrate in the surface seawater with r? values of 0.42 and
0.99, respectively. The N-limited conditions have been known to enhance
the cellular DMSP concentrations in individual species of diatoms, dinoflag-
ellates, and coccolithophores in culture experiments (Bucciarelli & Sunda,
2003; Litchman et al., 2002; Spielmeyer & Pohnert, 2012; Sunda et al.,
2007). Previous studies have reported substantially higher seawater DMS
concentrations associated with the lower nitrogen levels in coastal upwelling
(Zindler et al., 2012) and subarctic Pacific (Herr et al., 2019) regions. The
N-limitation can exert oxidative stress on phytoplankton cells by inhibit-
ing photosynthetic activity and restricting antioxidant enzyme synthesis.
This leads to increased production of intracellular DMSP or DMSP lyase
products (i.e., DMS and acrylate), which are highly effective antioxidants
to prevent oxidative damage (Litchman et al., 2002; Sunda et al., 2007).
Sunda et al. (2007) reported a 20-fold increase in DMS from DMSP lyases
by coccolithophore species in response to N-limited conditions, as DMS
is ~60 times more effective antioxidant than DMSP. Moreover, combined
oxidative stress from N-limitation and UV radiation has been reported to
result in a significant increase in seawater DMS (Litchman et al., 2002).
Thus, N-limitation could be an important factor controlling the DMS levels

in the stratified surface waters of the tropical oceans.

3.3.7 DMS flux and comparison with previous studies

DMS fluxes, estimated using Eq. 2.11 (F1 hereafter), are in the range
of 20-141 pmol m2 d~! with a mean of ~ 62447 umol m—2 d~!. The
higher fluxes (127-141 pymol m~2 d~!) over the southern Arabian Sea were
associated with patches of high Chl-a concentrations. On the other hand,
lower fluxes (20-40 pmol m~—2 d~!) were calculated over the central Arabian
Sea. However, in contrast to the findings of Shenoy and Kumar (2007),
our flux estimates revealed lower DMS fluxes in the coastal regions (~ 22

pmol m~2 d~') than in the open ocean (~ 80 pymol m—2 d1).
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Table 3.2: The estimated bottom-up DMS air-sea fluxes (umol m?2 d?),
using satellite PAR data in F1 method, at different CTD stations along the

cruise track. Concentration of DMS in surface seawater estimated using
G18.

Station | Date & time Lat (°N) Lon (CE) | Cy (nM) Fpums
1 04-11-2021 01:00 9.58 75.53 14.04 21.76
3 07-11-2021 09:45 6.8 71.89 11.66 40.85
4 08-11-2021 14:15 5.5 70.04 16.47 127.30
5 10-11-2021 04:00 4 68.02 22.79 141.54
6 11-11-2021 14:00 6.01 68.05 18.53 137.68
7 13-11-2021 12:00 9.33 68.07 12.86 82.66
8 14-11-2021 21:30 11.95 68.05 14.40 39.92
9 16-11-2021 05:00 14 68 11.00 28.14
10 17-11-2021 06:30 16 67.99 10.53 37.55
11 19-11-2021 15:40 18.3 70.5 11.89 31.51
12 20-11-2021 16:00 17.29 70.5 12.97 19.59
13 22-11-2021 01:35 16.3 70.5 12.26 31.85

We speculate two major factors that could account for this discrepancy:
first, the anomalously high DMS flux in the southern Arabian Sea due
to high biomass abundance and local oceanic processes, as discussed in
Section 3.3.2. Secondly, the fluxes reported by Shenoy and Kumar (2007)
are based solely on the seawater DMS concentration and wind speed data,

while we observed no apparent direct relationship between atmospheric

DMS and wind speed.

The fluxes estimated using the F1 method are significantly higher than
the previously reported inter-monsoon values of 0.1-13 (mean~3.13) umol
m—2 d-! over the Arabian Sea. It is important to highlight that the
estimates of C, using the G18 parameterizations are found to be highly
sensitive to photosynthetically active radiation (PAR) values (Gali et al.,
2018), and thus, the F1 flux estimation carries a large uncertainty due to

the poor temporal resolution of PAR satellite data.

The values of C,, calculated using satellite PAR data (Table 3.2), are

overestimated compared to previously reported concentrations of ~ 1.4 nM
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Table 3.3: The estimated bottom-up DMS air-sea fluxes (umol m?2 d?),
using in situ PAR in surface waters (3—-5 m) in F1 method, at different
CTD stations along the track. Concentration of DMS in surface seawater

estimated using G18.

Station Date & time Lat (°N) Lon CCE) | Cyy, M) | Fpums
1 04-11-21 13:05 9.54 75.55 3.24 9.66
1 04-11-21 15:15 9.59 75.53 3.25 8.57
5 10-11-21 11:19 | 4.01 68.01 3.18 20.06
5 10-11-21 14:56 | 4.00 68.01 3.20 23.82
7 13-11-21 12:06 9.33 68.04 2.45 13.93
7 13-11-21 15:44 | 9.33 68.07 2.45 8.84
10 17-11-21 11:22 15.98 67.97 2.48 0.36
11 19-11-21 15:41 18.30 70.50 2.72 8.24
11 19-11-21 17:26 18.30 70.46 2.72 4.94
Mean 10.94+7.29

in coastal and 5.8 nM in open ocean regions of the Arabian Sea. However,
the estimates of C, values (~ 10.4 nM) using in situ PAR data show
better agreement. Consequently, the fluxes estimated using satellite-derived
products were ~ 6 times higher than the mean flux of ~ 11 ymol m=2 d!
calculated using in situ PAR (Table 3.3). To address the large differences
among the estimates, there is a need for regional parameterization schemes

to improve the DMS flux climatology over the northern Indian Ocean.

The nighttime build-up rates of DMSy . estimated for three different
instances (Figure 3.13) over the central Arabian Sea have been used for
the top-down flux (F2 hereafter) estimation. On most other days, the
sharp fluctuations in nighttime DMSy - show a complex response of DMS
to atmospheric chemistry and changes in oceanic conditions, opposing the
assumptions in F2. Moreover, the reduced influences of continental and
anthropogenic pollutants in the open ocean minimize the nighttime DMS
loss from NOj; oxidation compared to coastal or polluted regions (Stark et al.,
2007), favouring its accumulation under a stable MBL. The nutrient-depleted

open ocean waters support a coherent diel cycle due to tightly coupled DMS-
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DMSP conversion from light-synchronized microbial interactions (Royer et
al., 2016). Thus, oligotrophic open ocean waters are more suitable for top-
down flux analysis based on nighttime atmospheric build-up than coastal

or high-productivity waters.

500 1000
| [—=—Dbms Solar flux Il
4004 (a) I 800
2 200 — J §n="T7.5 ppthr~? 600 g
= s,= 24.5 ppt =
e ! L2
2 200 ‘ | T | L%
a 5
4 L o
(2]
100 w I 200
J! |
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0
07M1 081 0911 10M1  MM1 12M1 13M1 1411 15M1 16M1 7M1 18M1 191 201 21M1 2211 2311
Day/Month (2021)
100
80 - (b)12-13 Nov n (c)15-16 Nov o 140 -(d) 18-19 Nov b
70 A / /
5.; 60 &
K 50 e
S 40- 2
o
301 e ,
204/ S$n= 3.2 ppthr P = 6.6 ppt hr— S= 7.5 ppt hr—
b su—15.9 ppt 30 u a0t 20 5= 24.5 ppt
10 ——— —T—T T T T T T T T T T T T
22 00 02 04 06 08 10 02 04 06 08 10 00 02 04 06 08
Hour (IST) Hour (IST) Hour (IST)

Figure 3.13: (a) Time series of atmospheric DMS mixing ratio and solar
radiation flux during 7-22 November 2021. The nighttime build-up of DMS, ¢
during (b) 12-13 November, (c) 15-16 November, and (d) 18-19 November
2021 over the R2 region in the Arabian Sea. The red line represents the
linear regression fit, and so and s, represent the initial mixing ratio and

build-up rate in the MBL, respectively.

F2 was calculated using Eq. 2.21 and n, and thus, for the three
periods, is derived from Figure 3.13. The parameter w, is taken as 5 mm
s~! following the study by Warneke and de Gouw (2001) over the western
tropical Indian Ocean, and h is taken as the mean MBLH (ERA-5 reanalysis
data) during the build-up period. The mean F2 flux of 4.24+2.07 pmol m~2
d~! is comparable to the top-down flux of ~2.15 ymol m~2 d~! reported over
the western tropical Indian Ocean (Warneke and de Gouw, 2001). Despite
the conceptual differences, the F2 fluxes (2.46-6.59 pymol m—2 d—!; Table
3.4) are comparable to the F1 fluxes near most of the stations (Table

3.3), except station 5 with intense Chl-a patches (Figure 3.1). Although
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F2 flux estimates lie toward the lower end of the F1 fluxes, the mean
of F2 estimates is approximately half of the mean F1 flux (10.94+7.29
pmol m~—2 d=!). However, the F1 method could provide higher fluxes using
afternoon data points when the photochemical loss of DMS by OH radicals

is considered.

Table 3.4: The DMS air-sea fluxes estimated using the top-down approach

over the central Arabian Sea during the post-monsoon season 2021.

Period Flux (ymol m2 d1)
12-13 November 2.46
15-16 November 6.59
18-19 November 4.81

Mean 4.62+2.07

The DMS fluxes estimated using the F1 method with in situ PAR data
in the present study are compared with previously reported values over
the Arabian Sea and also over other oceanic regions of the world (Figure
3.14). Despite lower primary production during the post-monsoon, the
Arabian Sea DMS flux estimates are higher compared to most other ocean
basins. However, the uncertainty in indirect, parameterization-based flux
calculations (present study; Shenoy et al., 2007; Bell et al., 2021) is higher
than direct flux measurements (Garbe et al., 2014; Marandino et al., 2007,
2009; Yang et al., 2011).

The high 1o variability shown in Figure 3.14, particularly in the Ara-
bian Sea (present study), Bay of Bengal (Shenoy & Kumar, 2007), and
South Pacific (Marandino et al., 2009) was associated with diverse spatial
(e.g., oligotrophic and upwelling/coastal) or seasonal coverage in the oceanic
basins. The parametrized C, in our study, 2.9+0.4 nM, are well within the
range of mean C, in other basins (1.6-3.8 nM; Table 3.3). The studies
cited in Figure 3.14 have reported elevated DMS fluxes for biologically
productive regions (upwelling zones, frontal zones) relative to low produc-

tivity regimes (like gyres and equatorial warm pools), which is consistent
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Figure 3.14: Comparison of DMS fluxes reported for different oceanic
regions of the world. Present study®, Shenoy & Kumar, 2007°, Yang et al.,
2011¢, Marandino et al., 2007, Yang et al., 2011¢, Marandino et al., 2009,
Bell et al., 20215.

with our findings.

However, despite the chlorophyll dependence on seawater DMS, parame-
ters like windspeed thresholds, SST and mixed layer dynamics were found
to play a pivotal role in air-sea exchange in these studies. The mean flux
(~ 11 pmol m=2 d-!; Table 3.3) is ~ 3 times higher than reported in
a previous study conducted during 1998-99 over the Arabian Sea in the
fall inter-monsoon, suggesting a substantial increase in the DMS flux from
the Arabian Sea over the last two decades. Based on extrapolation of the
estimated flux to the entire basin, the emissions from the Arabian Sea
account for ~ 10% of the average global annual DMS emissions (28.1 Tg S
yr—!; L11).

3.4 Conclusion

For the first time, the high time-resolution measurements of the DMS

mixing ratio were conducted in the marine air of the Arabian Sea dur-
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ing the post-monsoon season of 2021. The effects of physicochemical and
meteorological parameters were analyzed to investigate the spatiotemporal
distributions of DMS over both coastal and open oceanic regions. The DMS
mixing ratios were highest over the coastal Arabian Sea (116+120 ppt), fol-
lowed by the southeast Arabian Sea (98+87 ppt), and lowest over the central
Arabian Sea (62+53 ppt). The large diurnal and day-to-day variations of
the DMS mixing ratio, associated with the changes in physicochemical and
meteorological conditions, reveal the complex interplay of oceanic emissions,
photochemistry, and transport of distinct air masses. The mean DMS mix-
ing ratios over the three regions vary significantly with Chl-a concentration
and air trajectory. The analysis of chlorophyll exposure to back trajectories
suggests greater enhancements in DMS from local or regional sources than
from transported air masses. However, the short-term, small-scale variabil-
ity seems to be largely controlled by the local hydrography, such as changes

in salinity associated with physical forcings at the surface.

The diurnal patterns showed distinct characteristics over the oligotrophic
open ocean and productive coastal regions. However, the daytime OH
oxidation loss strongly influenced the diurnal dependence of DMS throughout
the study period. The transport of polluted continental air, with lower
DMS concentrations but presumably higher NO; concentrations, influenced
the DMS measurements in the northeast coastal regions. The episodes
of sharp increase in DMS mixing ratios were mostly associated with the
strong salinity gradients (-0.3 to +0.2 hr~!) caused by the local upwelling and
surface overturning processes. Atmospheric DMS showed a distinct regional
response to seawater nitrate concentration and increased under nitrogen-
limited conditions. The nighttime enhancements of the DMS mixing ratio
revealed a decline with increasing dilution level. However, the effectiveness
of VC in DMS variability in MBL can be influenced by factors such as
coastal proximity, ocean productivity, and the transport of air masses. The
significance of SST, salinity, and wind speeds in driving the nighttime DMS

enhancements was found to be dependent on local biogeochemistry.

The estimated DMS air-sea fluxes of ~11 pymol m=2 d=! in this study
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are almost three times greater than those reported over the tropical Indian
Ocean. The bottom-up DMS flux estimated using the global parameteri-
zation schemes tends to overestimate the estimations from in situ data,
highlighting the need for regional parameterization schemes addressing the
complex biogeochemistry in this productive basin of the northern Indian
Ocean.

These results highlight the complexity and heterogeneous nature of
DMS flux dynamics in the Arabian Sea and could be pivotal in understand-
ing the primary factors driving the DMS emissions under varied oceanic
and atmospheric conditions. The DMS measurements and the relation-
ships with several variables could be a valuable regional representation
of DMS emissions from the Arabian Sea for the global biogeochemical
and chemistry-climate simulations. Regional variations in pollution and
background oxidant concentrations can substantially affect sulfate aerosol
formation rates, as demonstrated by the simultaneous nighttime variability
of DMS and benzene emissions. Understanding these pathways is essential
for modelling marine sulfur emissions’ impacts on atmospheric chemistry
and climate dynamics. In addition, detailed studies are required to investi-
gate the diverse phytoplankton community structure to assess the roles of

different physicochemical factors controlling seawater DMS production.

74



Chapter 4

Impact of oceanic emission and
atmospheric transport on DMS
distribution over the Bay of
Bengal

Key takeaways

¢ Continental and oceanic air masses led to distinct west-east and east-

west longitudinal distributions of DMS over the central Bay of Bengal

¢ Relationship with nutrient and picophytoplankton data emphasizes
the role of complex biogeochemical processes in the spatial variation
of DMS

* Based on campaign mean DMS flux of 4.943.2 pymol m—2 d~!, the
annual sulfur emissions from the Bay of Bengal are estimated to be
~0.14 Tg S yr!, with large uncertainties due to limited seasonal

coverage.

4.1 Introduction

The Bay of Bengal basin (5-22°N; 80—100°E, area ~ 2.6 x 10° km?) in the
northeast Indian Ocean is bounded by India and Sri Lanka on the west,
Bangladesh and the Ganges-Brahmaputra-Meghna delta on the north, and
Myanmar on the east. The Andaman Sea is a marginal sea separated from

the Bay of Bengal by the Andaman and Nicobar Islands and connected to it
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via multiple channels through the Andaman and Nicobar archipelago. The
Andaman Sea lies between 90-100°E of longitude and 2-16°N of latitude,
covering ~ 32% of the northeast Indian Ocean. It is bounded by Myanmar
in the north and east and Thailand, Malaysia, and Indonesia to the south.
The Andaman Sea is relatively shallow (< 100 m) in the coastal regions
of Myanmar, Thailand, and the Andaman Islands but deep (> 4000 m) in

the central region.

The river influx also plays a critical role in shaping the biogeochemistry
of the Bay of Bengal and the northern Andaman Sea, especially near the
Andaman Islands (Gauns et al.,, 2005; GroB3 et al.,, 2022). The Bay of
Bengal receives the highest amount of rainfall in the Indian Ocean (Qi &

Wang, 2015) and large riverine influxes (~ 2.95 x 102 m3 yr—!

; Sengupta
et al., 2006) from a few of the world’s major river systems, namely the
Brahmaputra, Ganga, Godavari, and Mahanadi (Varkey et al., 1996). The
freshwater input from the river discharge into the Bay of Bengal is highest
during the post-monsoon season (Sarma et al., 2009), which leads to strong
surface stratification (Mahadevan et al., 2016). The stratification inhibits
the vertical supply of nutrients, causing reduced surface productivity and
oligotrophic conditions in the open ocean (Gauns et al., 2005; Kumar et al.,
2002). However, the river runoff supplies large amounts of nutrients and
organic matter, enhancing the primary production in coastal regions (Rao et
al., 2015). The stratified shallow mixed layer also sustains the occurrence
of a strong oxygen minimum zone (OMZ) in subsurface waters throughout
the year (Bristow et al., 2017; Rixen et al., 2020). Atmospheric depressions
and cyclones drive turbulent vertical mixing, particularly in the southern
Bay of Bengal, upwelling nutrient-rich subsurface waters, and triggering
isolated Chl-a blooms (Latha et al., 2015). 3-5 times of increase in primary
productivity associated with cyclonic eddies have been reported in the Bay

of Bengal (Kumar et al., 2005; Sarma et al., 2019).

The Andaman Sea receives freshwater from the Irrawaddy, Sittang,
Salween, and other smaller rivers (Pargaonkar & Vinayachandran, 2022),

significantly influencing salinity, nutrient levels, and vertical circulation.
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The SMC during May—September pushes the major riverine influx from the
north of Andaman into the Andaman Sea. In early post-monsoon (October),
the weakening of the SW monsoon can transport nutrient-rich waters from
the Irrawaddy River system into the Andaman Sea (Pargaonkar & Vinay-
achandran, 2022). This surface current turns completely south-westward by
the end of October/early November (Chatterjee et al., 2017). The transport
of nutrient-rich riverine waters mixed with coastal and offshore waters
leads to a rise in Chl-a after a period of lower concentrations during the

SW monsoon.

Significant spatial and seasonal variability in DMS concentration and
fluxes in the Bay of Bengal has been reported in previous literature. Shenoy
et al. (2000; 2007) reported high seawater DMS concentrations (1-8 nM)
and fluxes in the range of 2-10 umol m=2 d~! over the Bay of Bengal,
associated with upwelling of nutrient-rich waters and stronger southwest
(SW) winds. Compared to the southwest monsoon, lower DMS fluxes (1—
5 umol m~2 d~!') were reported during the post-monsoon season, attributed
to weaker winds and reduced vertical mixing (Shenoy et al., 2007). The
cyclonic activities, which occur mostly in the post-monsoon season over the
Bay of Bengal, can temporarily enhance DMS flux by enhancing vertical
mixing and nutrient supply to the surface waters. For example, Kumari
et al. (2019) have reported changes in seawater DMS concentration and
flux during the passage of cyclone Hudhud during 7-14 October 2014 in
the coastal waters of the Bay of Bengal. The DMS concentrations of 8.8—
33.5 and 0.4-3.9 nM and fluxes of 5.8 +3 and 2.8 +2 pumol m=2 d~! were
reported for the pre-cyclone and post-cyclone periods, respectively. About
30% higher DMS concentration during the pre-cyclone period was due to
intensified upwelling and increased nutrient availability. Elevated levels of
DMS fluxes (up to 8 pmol m—2 d=!) have also been reported in coastal
regions of the Bay of Bengal, due to enhanced nutrient input from river
discharge in the post-monsoon season (Rao et al., 2015). Recently, Peng
et al. (2024) reported the seawater DMS concentration and estimated flux

over the eastern Indian Ocean (EIO) covering the central Bay of Bengal
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during October—November 2020. In this study over the EIO, variations in
seawater DMS concentrations of 2—-10 nM and fluxes of 2-12 ymol m=2 d—!
were attributed to biogeochemical processes influenced by the Wyrtki jets,
Bay of Bengal runoff (BBR), and South Equatorial Current (SEC).
Previous studies indicate that the dynamical forcings and atmospheric
processes become increasingly important in determining the DMS concentra-
tions in the Bay of Bengal. Sarin et al. (2010) reported that the nss-SO3%~
contributes significantly to sulfate aerosol in the Bay of Bengal, especially
in the polluted MBL. However, the understanding of processes driving the
exchange and regulating the levels of DMS in the MBL of the Bay of
Bengal and its implications on the atmospheric processes is still lacking.
This study was conducted using the first high time-resolution, contin-
uous shipborne measurements of atmospheric DMS concentration over the
northeast Indian Ocean during the post-monsoon season of 2021, covering
the Bay of Bengal and Andaman Sea basins. The main objective of this
study is to investigate the complex interplay of air-sea exchange, microbial
community, coral reef emissions, atmospheric photochemistry, and continen-
tal outflow influencing the diurnal and day-to-day variations of atmospheric
DMS. We have also further estimated the air-sea fluxes of DMS over the
study area through different approaches using measured atmospheric DMS

and parameterized seawater concentrations.

4.2 Ship Campaign

A shipborne experimental campaign onboard ORV Sagar Kanya (SK#373)
was conducted over the northeast Indian Ocean in the post-monsoon season,
from 25 September to 14 October 2021. The cruise started from Chennai
port (13.08°N, 80.29°E) on the eastern coast of India, sailed eastward
longitudinally over the Bay of Bengal, entered the Andaman Sea at the
northern tip of the Andaman Islands, and sailed westward from south
of Little Andaman to Chennai port. The cruise track covered during the

campaign has been divided into three transects (Figure 4.1): T1 (west-east,
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Figure 4.1: Composite maps of (a) Chl-a (mg m=3) and (b) SST (°C),
retrieved from the MODIS-Aqua for the cruise period (25 September—14
October 2021). The numbers (yellow triangles) along the cruise track in (b)
represent the reference date (days in September (25-30) and October (1-14)
2021 at 00 hr LT). Red squares and labels represent the water sampling

station.

13-14°N; 80-93°E, 25-30 September 2021), T2 (Andaman Sea, 9-14°N;
93-95°E, 1-8 October 2021), and T3 (east-west, 10-13°N; 80-93°E, 9-14
October 2021). T1 (onward; Chennai port to Andaman Sea) and T3 (return;
Andaman Sea to Chennai port) are the longitudinal transects over the Bay
of Bengal, while T2 is a latitudinal transect over the Andaman Sea. The
SST and surface Chl-a concentration in the study region (9-15°N; 80-96°E)
varied between 28-29.5°C and 0.1-0.3 mg m—3, respectively (Figure 4.1).
Typically, the SST over the Bay of Bengal exhibits a bimodal annual pattern
with a primary peak in the pre-monsoon (April-May) and a secondary peak
in the post-monsoon season (October). The distribution of SST showed a
north-to-south decreasing pattern in the study region during the campaign

(Figure 4.1b).

In the post-monsoon season, the wind pattern over the northern Indian
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Ocean represents a transition from the strong southwest (SW) to northeast
(NE), driven by the seasonal progression of the Intertropical Convergence
Zone (ITCZ) (Gupta et al., 2024). The wind field map from the European
Centre for Medium-Range Weather Forecasts Reanalysis 5 (ERA-5 reanal-
ysis) shows the prevalence of SW winds over the Bay of Bengal (Figure
4.1a). The monsoonal winds drive the Southwest Monsoon Current (SMC;
June—October), which is an eastward current that advects high salinity
waters from the Arabian Sea to the southwest Bay of Bengal and parts of
the Andaman Sea (Vinayachandran et al., 2013).

The patches of high Chl-a concentrations observed in the southwest Bay
of Bengal (Figure 4.1a) are associated with the SMC hydrodynamics around
Sri Lanka and the remnants of the Sri Lanka Dome (de Vos et al., 2014;
Gomes et al.,, 2016). The equatorial westerlies during the inter-monsoon
season (October—November) drive the strong eastward surface currents in
the equatorial Indian Ocean (EIO; 2°N-2°S), also known as Wyrtki jet
(Prerna et al., 2019; Wyrtki, 1973). The warm equatorial surface waters
are advected eastward, deepening the thermocline in the eastern EIO and
shallowing in the western EIO, which triggers phytoplankton blooms in the

western EIO.

4.3 Results and Discussion
4.3.1 Time series variations of atmospheric DMS concentration

The DMS mixing ratio varied in the range of 44-426 ppt during the
campaign, with lower mixing ratios (77 + 23 ppt) along the T1 transect
than along the T3 transect (103 + 37 ppt) over the Bay of Bengal (Figure
4.2a). The difference in mean DMS observed over T1, T2, and T3 were
statistically significant (y2=120.41, K-W p<0.0001 [a=0.05]). The background
atmospheric DMS concentrations, calculated as the 5th percentile (Apte et
al., 2017), along T2 and T3 (50-55 ppt) were higher than that of 47 ppt along
the T1 transect. The differences in the background DMS concentrations

are consistent with the MODIS-derived Chl-a data, which shows lower
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Figure 4.2: Time series variations of (a) DMS mixing ratio, chlorophyll-
exposure of air masses (E,), and solar flux, (b) SST, salinity and Chl-a, (c)
equivalent potential temperature (EPT), wind speed and wind direction, (d)
Temperature, relative humidity (RH), latitude, and longitude over the Bay
of Bengal during 25 September-14 October 2021.

concentrations of 0.08—0.25 mg m~2 along T1 than 0.08-0.79 mg m—3 along
T3. However, contrary to the observations over the Bay of Bengal, the
higher DMS concentrations (112 + 68 ppt) over the Andaman Sea were
associated with the lower Chl-a concentrations (0.13-0.29 mg m~—3). Despite
substantial day-to-day variability of the DMS, several enhancement events
led to an overall higher average value in the MBL of the Andaman Sea (T2)
than those measured in the Bay of Bengal along T1 and T3. Prominent
peaks of DMS between 5-8 October suggest the influence of intense local
sources, including the emissions from corals around the Andaman Islands

(Jackson, Gabric, Woodhouse, et al., 2020).
The DMS enhancements exceeding 200 ppt on 3 October and 150 ppt on
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Table 4.1: The mean (+ standard deviation) of the DMS mixing ratio,
and meteorological and hydrographic parameters along the three different

transects over the Bay of Bengal during 25 September—14 October 2021.

Parameters Onward- Andaman Return- All data
BOB (T1) Sea (T2) BOB (T3)

DMS (ppt) 77+23 [1] 112+68 [3] 103+37 [2] 99+52 [1.5]
Wind speed (m s) 6.31+2.15 6.78+2.74 6.06+2.28 6.43+2.46
SST (°C) 30.45+0.3 30.54+0.35 30.29+0.72 30.44+0.5
Salinity 32.57+0.56 31.67£1.17 33.07+0.44 32.35+1.04
Solar flux (W/m?) 191+284 163+267 159+250 169+266
Pressure (mb) 1005+2 1008+1 10051 1006+2
Temperature (°C) 27.6x1.1 27.0£1.1 27.2+1.2 27.2+1.2
Relative humidity 79.7£3.9 79+4.6 80.2+3.6 79.6+4.2
(%)

Chl-a (mg m™3) 0.14+0.03 0.18+0.03 0.18+0.13 0.16+0.08

fStandard error [SE]

12 October coincided with strong salinity gradients of 2—4 (Figure 4.2b),
suggesting increased DMSP production by phytoplankton in response to
osmotic stress (Kettles et al., 2014; Speeckaert et al., 2019). Royer et
al. (2015) have reported sharp changes in seawater DMS concentrations
associated with local salinity and SST gradients in the equatorial Pacific,
indicating a direct or indirect influence of hydrographic parameters. Shenoy
et al.(2000) have also reported the impact of salinity change on the seawater
DMSP concentrations in the Bay of Bengal. However, in our study, no clear
correlation was found between salinity and DMS levels, as DMS peaks
were observed at both low and high salinity values. Therefore, in addition
to salinity, several other factors, such as heterogeneity in biogeochemical
properties like phytoplankton abundance and taxonomy, localized emissions
from coral reefs, and meteorological conditions, could influence the oceanic

emissions of DMS over the Bay of Bengal.

The wind speed varied in the range of 2-15 m s™! during the campaign,

with rapid fluctuations under unstable atmospheric conditions between 6-8
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October (Figure 4.2c). The lower DMS mixing ratios (~ 55+6 ppt) measured
at the beginning of the T1 transect during 25-26 September were associated
with the prevalence of strong westerly winds (5—10 m s—!). This indicates
the dilution of atmospheric DMS by the rapid continental winds from
peninsular India, leading to lower DMS levels. On the contrary, the higher
mixing ratios (90.3 + 22.5 ppt) during 28-30 September were associated
with the weaker SW winds, transporting oceanic air masses. The 5-day
backward trajectories reveal that the periods of low and high DMS levels
observed along T1 and T3 were associated with air masses transported
from continental and biologically productive oceanic regions, respectively

(Figure 4.1c¢).

The DMS mixing ratio over the Andaman Sea (T2) shows much larger
variations (44-426 ppt) than those measured along the T1 and T3 lon-
gitudinal transects over the Bay of Bengal. A prominent DMS peak (>
400 ppt) centred between 19-20 hr on 06 October in the Andaman Sea
was associated with rapid changes in wind direction and transport from
the coral shelf regions in eastern Andaman (discussed in detail in Chapter
5). However, the reduced DMS levels (~44-80 ppt) observed during 07-08
October coincided with significant meteorological disturbances marked by
large fluctuations in wind speed (5-15 m s7!), a drop in air temperature
by ~5°C, higher relative humidity of 85-90%, and events of precipitation
or dense cloud cover. The unstable atmospheric conditions and intense
convective activities marked by the sharp variations in equivalent potential
temperature (EPT; 05) (Figure 4.2c¢) could have modulated the DMS levels

in this episode.

Except for enhancement events along T2, the nighttime DMS mixing
ratio in the MBL tends to decrease with increasing wind speed (Figure
4.3). Stronger dilution by the DMS-deficit continental air masses over T1
than the marine air masses over T3 could be one of the factors leading
to distinct longitudinal variations of DMS both along the transects. The
impact of vertical mixing and air mass intrusion on DMS concentration is

discussed in Section 4.3.4. Further, the DMS enhancement associated with
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Figure 4.3: Scatterplot of the nighttime DMS mixing ratios vs wind speed
over the T1, T2, and T3 transects over the Bay of Bengal during 27
September-14 October 2021. Coral influences DMS concentrations over the

Andaman Sea are marked in purple.

coral reef emissions over the Andaman Sea increased with wind speed,
revealing increased air-sea exchange of DMS under high wind conditions.
The backward trajectories along T3 reveal the transport of marine air
masses from the productive coastal and EIO regions (see Figure 4.le),
which could have led to enhanced DMS mixing ratios. The analysis of back
trajectories and wind parameters over T1 suggests the impact of continental
outflow and a possible chemical loss of DMS due to its reaction with the
NO; radical. To qualify the contributions of biogenic DMS from long-range
transport, we have calculated the chlorophyll exposure of air masses (E,)
along the 48-hour back trajectories (Eq. 2.5). E, is a useful diagnostic
parameter linking the atmospheric DMS levels with the air mass exposure
to oceanic phytoplankton prior to arrival at the measurement site, while
also accounting for DMS loss processes and intrusions from the free tropo-
sphere. Figure 4.2a shows an overall increase in E, during the east-west
(T3) transect, attributed to the southwest (SW) transport of air masses
from the productive waters of the Palk Strait, coastal region of Sri Lanka,
and EIO with high phytoplankton biomass as indicated in the Chl-a map
(Figure 4.1a). Yan et al.(2024) have established a strong correlation be-
tween the atmospheric DMS mixing ratio and E, in the western Pacific
Continental Sea. However, despite elevated E, near the coast, the lower
DMS concentrations during 26-27 October along T1 indicate the dominant

influence of dilution in the continental outflow regime. E, and DMS mixing
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ratio do not show any relations over the Andaman Sea, supporting our
discussion on the effect of localized sources in the region. The DMS mixing
ratios measured along T3 (45-225 ppt; 103 + 37 ppt) are slightly higher
than the values reported over several other open ocean regions, such as the
equatorial Pacific warm pool (59 + 17 ppt; Marandino et al., 2007), North
Pacific gyre (44 + 28 ppt; Marandino et al., 2007), western equatorial Pacific
(76 +£ 52 ppt; Marandino et al., 2013), North Atlantic Gulf Stream waters
(21 +9 ppt; Matrai et al., 1996), and tropical Pacific (42 +27 ppt; Kato et al.,
2007). However, the DMS mixing ratios measured during the T1 transect
are comparable to those over the central Arabian Sea (62 + 53 ppt; Gupta
et al., 2025). The background levels of DMS obtained during the present
campaign are higher than those over the Arabian Sea in November 2021

(Gupta et al., 2025).

4.3.2 Longitudinal variation of DMS along east-west and west-
east transects

The DMS levels in the Bay of Bengal increased west to east along both T1
and T3 longitudinal transects (Figure 4.4). Higher afternoon background
DMS (~ 70-90 ppt) were measured along T3, compared to 45-60 ppt over
the T1 transect. The instances of anomalously low DMS mixing ratios of
~ 40-50 ppt in the coastal (~ 80°E) and open ocean (~ 92°E) were due to
influences of continental transport and episodes of heavy rain, respectively.
Interestingly, all broad peaks of DMS along T3 occurred around midnight
hours (Figure 4.4a), which could be due to the entrainment of subsurface
DMS into the oceanic mixed layer leading to enhanced oceanic emissions

(Sim6 & Dachs, 2002) and reduced photo-oxidative loss in the atmosphere.

Decreased radical chemistry due to dominance of cleaner marine air
mass and consequently lower NO; concentration could be a crucial factor in
elevated nighttime levels particularly in offshore and open ocean regions of
T3. In contrast, several major DMS enhancements along T1 were observed

during daytime, and were associated with anomalously high-wind episodes
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(Figure 4.4d) and transport from the coral-rich Andaman shelf region
(Figure 4.5). In the open ocean regions (> 82°E), except around 92°E, the
higher DMS levels were typically associated with lower SST and higher
salinity values (Figure 4.4b, c).

24°N

® Cruise track
/@ Corals

20°N

16°N

’907 9
Bay of Bengal
T1 *t\'_ -

12°N

8°N

4°N

75°E 80°E 85°E 90°E 95°E 100°E

Figure 4.5: Air mass back-trajectories over the Bay of Bengal during the
T1 transect (25-30 September 2021). The inset plot shows the observed DMS
mixing along the track during 29-30 September 2021.

4.3.3 Diurnal variation of DMS

The mean and median diurnal patterns of the DMS mixing ratio have been
investigated to understand the causes of short-scale variations along the
three transects covered during the campaign (Figure 4.6). The hourly mean
diurnal DMS varied in the ranges of 65-85 ppt and 80-110 ppt along T1
and T3, respectively, over the Bay of Bengal, and 90-150 ppt along T2 over
the Andaman Sea. The diurnal patterns show enhancements in the morning
(06-08 hr), followed by a gradual decline to the lowest concentrations in
the afternoon. The median DMS patterns show a significant build-up from
evening to midnight over T1 and T3. The DMS + OH oxidation reaction
can be a major factor leading to the daytime decrease of the DMS mixing
ratio in the tropical MBL (Chen et al., 2018). The effect of DMS + OH

oxidation on diurnal variability is particularly noticeable during the DMS
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Figure 4.6: The average (+10) and median diurnal patterns of the DMS
mixing ratio and mean solar radiation flux measured in the MBL along (a)
T1 and (c) T3 transects in the Bay of Bengal, and (b) T2 transect in the
Andaman Sea, during 25 September-14 October 2021.

enhancement events on 3 and 12 October (Figure 4.6a,c). Despite elevated
DMS levels triggered by salinity and SST change on 3 and 12 October
(Figure 4.7a,c), a significant decline in the daytime DMS mixing ratios
indicates loss from OH-oxidation under clear or partly cloudy conditions.
However, measurements on cloudy days show a daytime (06—17 hrs) build-up
of DMS in the MBL (e.g., Figure 4.7b), indicating reduced photo-oxidation
of DMS. The nighttime measurements near the polluted eastern coastal
regions of India along T1 and T3 could have been strongly influenced by

the DMS + NOj3 reaction, contributing to the observed gradual decline of the
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Figure 4.7: The diurnal features of salinity, SST, and DMS mixing ratio
for selected days over the Bay of Bengal.

DMS mixing ratio from midnight to early morning (Stark et al., 2007).

Except in the early morning (03—06 hr), the DMS mean and median
diurnal patterns over T3 exhibit similar levels and variability (Figure
4.6c). However, there are significant differences between mean and median
patterns in the daytime (07-15 hr) over T1 (Figure 4.6a) and in the night-
early morning over T2 (Figure 4.6b). The differences between the mean
and median DMS patterns, with large standard deviations, suggest the
impact of varied sources in response to changes in meteorological and sea
surface parameters. In particular, the significant differences over T2 in the
Andaman Sea can be attributed to anomalous DMS enhancements near the

localized sources, as discussed in Section 3.3.1. Similarly, on 29 September
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over T1 in the Bay of Bengal, despite the loss of DMS by OH-oxidation,
the higher daytime mixing ratios were associated with the change in wind
direction and back trajectory, indicating transport from the coral shelf of
Andaman Islands (Figure 4.5).

To a large extent, the diurnal cycles of DMS in the MBL of the Bay of
Bengal (Figure 4.6a, c) are similar to those observed over oligotrophic open
ocean regions (Royer et al., 2015 and references therein). We have reported
similar diurnal variability of the DMS mixing ratio in the oligotrophic cen-
tral Arabian Sea in November 2021 (Gupta et al., 2025). The diurnal cycles
of DMS, with a late afternoon minimum and an early morning maximum,
have been reported at Cape Grim (40-70 ppt) (Ayers & Gillett, 2000), over
the western Arabian Sea (25-60 ppt) (Warneke & de Gouw, 2001), at Kir-
itimati in the tropical Pacific (120-200 ppt) (Bandy et al., 1996), and in the
Gulf of Maine in the North Atlantic (50-150 ppt) (Stark et al., 2007). The
average diurnal amplitude of DMS (maximum/minimum ratio) of ~1.42 in
the Bay of Bengal is comparable to that of ~1.5 over the central Arabian
Sea (Gupta et al., 2025) and is within the range (1.2-1.7) reported in the
remote marine atmosphere with moderate to low ocean productivity (de

Bruyn et al., 2002; Lawson et al., 2020a; Sciare et al., 2000).

4.3.4 Impact of atmospheric instability and convective downdrafts
on DMS variability

A rapid change in #z and other meteorological variables in the MBL indi-
cates the presence of convective activities, particularly the downdraft events
in the post-monsoon season over the Bay of Bengal (Sahu & Lal, 2006).
Typically, 6z of an air parcel in the lower troposphere declines sharply
during the downdrafts and quickly recovers via near-surface fluxes (Alland
et al.,, 2021). The instantaneous and large fluctuations in wind parame-
ters characterize the effects of localized convective downdrafts, also called
microbursts (La & Messager, 2021; Windmiller et al., 2023). Therefore, in
addition to the advection of air masses (transport) from different regions,

vertical mixing associated with convective downdrafts and atmospheric in-
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stability can cause short-term variations of the DMS mixing ratio in the

tropical MBL.
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Figure 4.8: The variations in DMS mixing ratios, equivalent potential
temperature (0g), solar flux, wind speed, and wind direction during (a)
28-29 September, (b) 6-7 October, (c) 8-9 October, and (d) 9—10 October
2021 over the Bay of Bengal.

The variations in 0y during 6-9 October indicate the occurrence of
multiple convective downdraft events (Figure 4.8b,c). The drops in the
DMS mixing ratio, coinciding with a sharp decline in 6z and abrupt
changes in wind parameters were observed during 28-29 September and 6—
10 October. For example, sudden drops (~ 250 ppt) in the DMS mixing ratio
were associated with a sharp decrease in 6z (~ 8-10 K) in the early morning
(0607 hr) and midnight (23-00 hr) of 28-29 September (Figure 4.8a). The
measurements of consistently low DMS concentrations in the Andaman Sea
(Figure 4.8b) were associated with recurring high amplitude fluctuations
in 0z during rain and thunderstorm events and indicate presence of intense
convective downdrafts. However, despite the vigorous mixing in the MBL, a
DMS peak (~ 450 ppt) on 6 October at ~ 17 hr suggests measurements near
an intense and localized DMS source. During 8-9 October, very low DMS
concentrations of ~ 60 ppt in nighttime were observed with a drop in g

(~ 5 K) and remained low due to the recurring downdrafts (Figure 4.8c).
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Although the amplitudes of 6 fluctuations during 9-10 October (Figure
4.8d) were smaller than in other instances, similar reductions in the DMS

mixing ratios were observed in the daytime.

In addition to intrusion of DMS-deficient free tropospheric air, reduced
air-sea exchange of DMS due to the stratification of the ocean surface
during rainfall events could contribute to the decreased DMS mixing ratio.
During the post-monsoon season, meteorological disturbances like tropical
cyclones and convective activity play a growing role in the Bay of Bengal
as the warmer SST increases moisture content, boosts heat fluxes, reduces
vertical wind shear, and enhances atmospheric instability, making the Bay
of Bengal conducive for the development of convective systems (Balaguru
et al., 2014). These convective clouds can also bring substantial rainfall

without intensifying cyclonic disturbances in October (Zuidema, 2003).

4.3.5 Role of picophytoplankton in DMS emissions

The small-scale variability of atmospheric DMS in marine air can also
be controlled by the biomass abundance and bacterial metabolic activities
(Bullock et al., 2017). In the inter-monsoon periods, the phytoplankton
composition in the open Bay of Bengal and Andaman Sea is dominated
by cyanobacteria, including picophytoplankton (Prochlorococcus and Syne-
chococcus) and Trichodesmium (Hegde et al., 2008; Jyothibabu et al., 2014,
2017; Mitbavkar et al., 2020; Wei et al., 2020), followed by lower abun-
dances of diatoms in the central Bay of Bengal (Loscher, 2021; Paul et al.,
2007). However, in coastal waters of the Bay of Bengal, large abundances
of diatoms and Dinophyceae have been reported (Baliarsingh et al., 2015;
Manigandan et al., 2024; Vajravelu et al., 2018).

Although cyanobacteria and diatoms are low DMSP-producing phyto-
plankton species (McParland & Levine, 2019), the spatial differences in
nutrient availability and population density in surface waters can modulate
the seawater concentrations and, subsequently, the air-sea fluxes of DMS.

Nonetheless, previous studies have shown that picophytoplankton can also
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be an important source of DMSP in warm oligotrophic surface seawaters

(Corn et al., 1996).

We have used picophytoplankton (Synechococcus and Prochlorococcus)
cell abundance and nutrient concentrations measured in the surface sea-
waters at five stations to investigate their impact on regional variability
of observed DMS. Sampling stations S1 and S2 were located in the open
central Bay of Bengal, S3 in the north of Andaman Islands, S4 in the
central Andaman Sea, and S5 in the coastal Bay of Bengal. Although
DMS concentrations showed an overall increase with the Synechococcus cell
abundance, its relation with Prochlorococcus was not consistent. Peng et al.
(2024) have also reported a boosting impact of Synechococcus and Prochloro-
coccus abundances on the seawater DMS(P) concentrations in the Bay of
Bengal during the post-monsoon season of 2020. However, discrepancies
in DMS-picophytoplankton variability over stations S1 and S2 in our data

suggest influence of additional processes.
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Figure 4.9: Scatterplots of the DMS mixing ratio with Synechococcus,
Prochlorococcus, and combined cell abundance color-coded with (a-c) silicate
and (d-f) nitrate concentrations in the surface seawater at different stations
(S1-S5) in the Bay of Bengal during post-monsoon 2021.

93



Chapter 4

Further analysis of silicate (SiO?~) and nitrate (NO;) nutrient concentra-
tions at each station reveal an increase of DMS mixing ratio with increasing
nitrate concentrations at all stations except for station S2 (Figure 4.9).
Despite similar nitrate levels and higher abundances of Synechococcus and
Prochlorococcus cells, the DMS levels at S2 were lower than those at S3.
However, silicate concentration at station S2 was also lower (< 1.8 yM)
than at other stations (Figure 4.9d-f). Silicate-rich waters favour diatom
growth (Kristiansen & Hoell, 2002) with silicate > 2 M, and high silicate
to nitrate ratios provide optimal conditions for the development of diatoms

(EGGE & Aksnes, 1992; Sommer, 1994).

Even though the abundance and diversity of diatoms are typically low
in oligotrophic open ocean waters as their growth is limited by nitrate
or phosphate availability, they can still thrive in nitrate-depleted waters
(Bender et al.,, 2014). Despite the nitrate-limited conditions (< 1 pM)
in our observations (Figure 4.9a-c), DMS levels are higher for relatively
higher nitrate and silicate concentrations. Thus, the abundance of diatoms
could be a critical modulator of DMS concentration in the Bay of Bengal.
The diatoms have also been reported to be major contributors to the DMS
concentration in the upper 40 m water column of the Bay of Bengal (6—20°N)
(Shenoy et al., 2006). Moreover, the intercellular DMSP in diatoms can
increase up to 16-fold under stress induced by nitrate-limitation (Bucciarelli

& Sunda, 2003; Sunda et al., 2007).

Paul et al. (2007) have reported a strong relationship between diatoms
(accounting for 97.5% of the phytoplankton species) and seawater DMS in
the Bay of Bengal during the summer monsoon of 2001. Manigandan et al.
(2024) have also reported the dominance of diatoms in southwest coastal
waters of the Bay of Bengal in the post-monsoon season, supporting the
enhancement of diatom populations with silicate availability. Moreover, in-
stances of co-occurrence of cyanobacteria and diatoms and their symbiotic
relationships have been highlighted in different parts of the northern Indian
Ocean (Kulkarni et al., 2010; Manjumol et al., 2018; Pujari et al., 2019).

94



Chapter 4

4.3.6 Estimation of DMS flux over the Bay of Bengal

Though the measurements are limited, the available literature data show
significant spatial and seasonal variations of the seawater DMS concentra-
tion in the Bay of Bengal. Higher seawater DMS concentrations (1-8 nM)
and fluxes (2-10 pymol m~2 d~!) had been observed over the Bay of Ben-
gal in the summer monsoon, attributed to the upwelling of nutrient-rich
waters and stronger southwest (SW) winds (Shenoy et al., 2000; 2007).
While relatively lower DMS fluxes (1-5 pymol m~2 d~!) were reported in the
post-monsoon season, attributed to weaker transition winds and reduced
vertical mixing (Shenoy et al., 2007).

Kumari et al. (2019) have reported changes in seawater DMS concen-
tration and flux in the coastal waters of the Bay of Bengal during the
passage of cyclone Hudhud during 7-14 October 2014. This reduction was
attributed to strong salinity stratification from heavy rainfall and runoff,
which limited nutrient upwelling and phytoplankton growth. The seawater
DMS concentrations of 8.8-33.5 and 0.4-3.9 nM and fluxes of 5.8 +3 and
2.8 +2 pymol m—2 d~! were reported for the pre- and post-cyclone periods,
respectively. Rao et al. (2015) have reported elevated DMS fluxes (up to
8 pmol m~2 d~!) in the coastal Bay of Bengal due to the nutrient supply
from riverine discharge during the post-monsoon season. In a recent study
by Peng et al. (2024), the variations in the seawater DMS concentration
(2-10 nM) and flux (2-12 pmol m~2 d~!) over the eastern Indian Ocean
(EIO) covering the central Bay of Bengal during October—November 2020
were attributed to biogeochemical processes influenced by the Wyrtki jets,
Bay of Bengal runoff (BBR), and South Equatorial Current (SEC). In this
study, C, (2.35-2.70 nM) estimated using G18 with satellite Chl-a, were
nearly the same at all the stations (Table 4.2). The parametrized C,
values (mean: 2.5 +0.2 nM) in the present study are well within the range
of mean C, values reported for other basins (1.6-3.8 nM). Our estimates
of C, are comparable to the measurements by Peng et al. (2024) between
0-15°N in the open Bay of Bengal (~3-7 nM) during the post-monsoon
season of 2020.
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Table 4.2: The estimated surface water (depth 2 m) concentrations and
air-sea fluxes of DMS at different CTD stations along the cruise track.

St. | Date and time | Lat Lon Cy? u (m Ca FpusP
(IST) (°N) (°E) @mM) |s1h) (ppt)

S1 26/09/2021 10:30 | 13.01 84.74 2.70 12.5 62 29.38

S2 28/09/2021 10:30 | 13.00 88.74 2.35 5.8 61 5.73

S3 30/09/2021 14:30 | 13.87 92.64 2.40 6 83 6.26

S4 03/10/2021 11:00 | 11.66 94.78 2.70 5.5 119 5.94

S5 14/10/2021 10:30 | 13.00 80.75 2.42 4 112 2.89

& Concentration of DMS in surface seawater estimated using G18.
b Air-sea flux of DMS (umol m?2 d!) estimated using the bottom-up (F}.,)
parameterization.

Flux estimates using the bottom-up approach (F,_, hereafter) range
between 2.9—6.7 ymol m~2? d~! over most stations (Figure 4.2). However,
the F,_, value corresponding to wind speed u > 10 m s~!, at station S1,
increased by an order of magnitude (29.4 umol m~2 d!), despite the low
atmospheric DMS concentrations over S1. In contrast, the lowest F,_, values
at the coastal station (S5) were noted during calm winds, despite the high
atmospheric DMS concentrations. This indicates that the parameterizations
in the F},_, approach could overestimate the flux when wind speed is greater
than 10 m s=! over the low Chl-a regions and underestimate it in low wind
speed regions. The tendency of gas-transfer-velocity parameterization to
overestimate the DMS flux has been highlighted in other studies (Yang et
al., 2011), but could also arise from the coarse temporal resolution of the

Chl-a data and the dilution effect caused by stronger winds.

Further, the nighttime build-up rates of DMS at five different locations
(Figure 4.10) in the open ocean were used to calculate the DMS flux
using the top-down approach (Eq. 2.11; F;_4 hereafter). The highest flux
of ~ 10.22 pymol m=2 d~! was estimated over N5 (Table 4.3) during 9-
10 October in the open Bay of Bengal, where the DMS measurements
experienced minimal atmospheric loss, as discussed in Section 3.3.1. The
fluxes (~ 2.5 yumol m~—2 d~!) over N1 and N2 along the T1 transect are lower

than the fluxes of ~ 4.7 ymol m~2 d~! over N3 and N4 along the T2 transect.
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Figure 4.10: Time series variations of the DMS mixing ratio and solar flux
over the Bay of Bengal during 25 September—14 October 2021. Red boxes
highlight the nighttime DMS used to calculate the build-up rate (slope) and
mixing ratio (so) at the beginning of build-up for top-down estimations of
DMS flux.

Nonetheless, the F;_4 values (mean ~ 4.94+3.2 umol m—2 d~!) are comparable
to F,_, (mean ~ 5.2+ 1.6 yumol m~2 d~! [for u < 10 m s~!]). The DMS fluxes
estimated over the open Bay of Bengal (F._4q ~35+1.2 pumol m=2 d™!) in
this study are ~2 times higher than that of ~ 1.6 ymol m=2 d~! estimated
during the Bay of Bengal Monsoon Experiment (BOBMEX) campaign in
the post-monsoon season of 1998 (Shenoy & Kumar, 2007). However, our
estimates for the post-monsoon season are still lower than the summer
monsoon flux (~ 11.5 gymol m~2 d=!) over the Bay of Bengal reported by

Shenoy & Kumar (2007).

Table 4.3: The top-down estimates of air-sea fluxes of DMS (Fpys) using
the nighttime build-up of DMS in the MBL. S, represents the nighttime
build-up rate, while S, refers to the DMS mixing ratio measured at the
beginning of the build-up period.

S. No. | Dates (2021) Sappt dY) | Sy (ppt) | Fpus(umol m2d1)
N1 26-27 Sep 40.4 47 2.42
N2 30 Sep-01 Oct | 31.05 74 2.51
N3 01-02 Oct 93.18 59 4.73
N4 04-05 Oct 89.85 60 4.61
N5 09-10 Oct 232.46 55 10.22
Mean 49+ 3.2
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The DMS fluxes over the Bay of Bengal were on the higher end
of the range reported for other oligotrophic regions, such as the west-
ern Pacific Ocean (~ 3.68 pmol m=2 d!; Xu et al, 2021), Mediter-
ranean Sea (~ 2.5 umol m=2 d~!; Simé & Grimalt, 1998), south Pacific
gyre (~ 3.8 ymol m—2 d~!; Marandino et al.,, 2009), north Pacific gyre
(3.0+ 1.6 yumol m=2 d~!), etc. The studies cited in Figure 4.11 have re-
ported elevated DMS fluxes in the biologically productive regions (upwelling
or frontal zones) compared to low productivity regimes (like gyres and equa-
torial warm pools), which is consistent with our findings. Interestingly, the
monthly mean DMS fluxes of 2-10 pymol m~2 d~! retrieved from the cli-
matological datasets over the Bay of Bengal in October (Hulswar et al.,
2022; Lana et al., 2011) are comparable to the present estimates. Based on
the DMS fluxes estimated in the present study, the annual sulfur emission
is ~ 0.14 Tg S yr! over the Bay of Bengal. However, this value could
be underestimated as it does not account for the DMS fluxes during the
monsoon season, which can be significantly larger than the post-monsoon

season, as reported in previous studies (Shenoy & Kumar, 2007).

4.3.7 DMS variability across the northern Indian Ocean

The unprecedented high-resolution atmospheric DMS measurements over
the Arabian Sea (Gupta et al.,, 2025) and Bay of Bengal [provide an
excellent opportunity to highlight the key variability features attributed
to the distinct oceanic and atmospheric conditions in these two basins of
the northern Indian Ocean in the post-monsoon season](). The regional
variability of DMS over the Arabian Sea was driven primarily by local
biogeochemistry and biomass abundance, while the Bay of Bengal, air mass
source, and transport played a significant role. Most DMS enhancements
over the Arabian Sea were associated with local biomass abundance, and
only 12% of enhancements correspond to airmass transport with high E,
(> 0.18). On the other hand, the elevated (lower) DMS levels in the Bay
of Bengal were primarily measured in high (low) E, regimes, indicating

lesser impact of local sources and significant contributions from DMS-rich
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Figure 4.11: Comparison of DMS fluxes reported for the different oceanic
regions of the world. [*present study, 9 Gupta et al., 2025 and references

therein]

air masses from productive southwest regions, including coastal Sri Lanka.
Influences of coral emissions were most prominent in the eastern Bay
of Bengal, then the rest of the northern Indian Ocean, where transport
from the coral-rich Andaman Shelf was a major contributor to the DMS
enhancements. Furthermore, the short-term DMS variability in the Arabian
Sea was influenced primarily by surface ocean processes, particularly salinity
fluctuations. However, over the Bay of Bengal, atmospheric instabilities,
including convective downdraft events, contributed strongly to the short-
term changes in DMS. Our studies over both basins establish the effect of
atmospheric ventilation on the DMS levels in the MBL of the open and
offshore waters of the northern Indian Ocean, except for regions with strong
local DMS emission sources such as the coastal Arabian Sea and Andaman

Sea.

The DMS mixing ratios in the Bay of Bengal and central Arabian Sea
showed lower spatial-temporal variability than the high Chl-a waters of the

Arabian Sea. This could be associated with the oligotrophic biogeochemical
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conditions in both the open ocean regions of the northern Indian Ocean
during the post-monsoon season. Royer et al. (2015) have reported larger
DMS variability scales of up to 200 km in oligotrophic open ocean waters
than in tropical coastal waters (< 15 km). The studies over the Arabian
Sea (Gupta et al., 2025) and southern coastal regions of the Indian sub-
continent show that the interactions of continental and marine air masses
can modulate the DMS oxidation chemistry and variability in the MBL of

the northern Indian Ocean.

The DMS flux from the Arabian Sea (~ 11 umol m~2 d~!; Gupta et al.,
2025) during the post-monsoon season is twice the flux from the Bay of
Bengal during the same season (~ 4.9 ymol m~2 d~!; this study). Based on
these flux data, we estimate an annual DMS emission of 1.21 Tg yr—! from
the northern Indian Ocean. However, this estimate could be subject to un-
certainties due to limited availability of seasonally resolved measurements
as discussed in Section 4.3.6. In summary, consideration of atmospheric
processes, including enrichment/dilution from air mass transport and con-
vective instabilities under varying biogeochemical regimes, is crucial for
reducing the uncertainties in model studies investigating the roles of at-
mospheric DMS on secondary aerosol production and cloud formation over

the northern Indian Ocean.

4.4 Conclusion

This study presents the first shipborne in situ measurements of the DMS
mixing ratio in the MBL of the Bay of Bengal and Andaman Sea during
the post-monsoon season of the year 2021. Analysis of high time-resolution
DMS data reveals large variations with distinct longitudinal dependencies
in the central Bay of Bengal caused by the interplay of oceanic and atmo-
spheric parameters. The episodes of convective downdrafts and mesoscale
instabilities over the central Bay of Bengal caused short-term fluctuations in
the DMS mixing ratio. The intermittent measurements of relatively lower

and higher DMS mixing ratios were due to the transport of air masses from
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peninsular India and high Chl-a coastal regions of Sri Lanka, respectively.
The continental outflow and transport of air masses with higher E, were
predominant factors in lower and higher DMS levels measured during the
west-east and east-west longitudinal transects, respectively. Though the
DMS diurnal features varied depending on the measurements in coastal
and open oceanic regions, the impact of daytime photo-oxidation loss by OH
radical was evident throughout the campaign. The diurnal variability of
DMS in the coastal regions reflected the combined effects of oceanic emis-
sions, transport of continental air, and nighttime radical chemistry. The
transport of air masses from the Andaman shelf region caused significant
enhancements in the DMS mixing ratio around the Andaman Islands.
The DMS level increased with the increasing silicate concentrations over
the picophytoplankton abundance, indicating significant DMS emissions from
diatoms. The mean DMS flux of ~ 4.9+ 3.2 umol m~2 d~!, calculated based
on nighttime build-up at different locations, is comparable to the climato-
logical fluxes over the study region. An average open-ocean flux of DMS
(3.5 + 1.2 umol m—2 d~!') was almost twice the values reported during
the BOBMEX-1998 post-monsoon expedition. Though atmospheric processes
were able to explain many of the DMS variability features, further studies
are required to investigate the role of phytoplankton community structure
in DMS production and emissions to assess the roles of different physico-
chemical factors controlling seawater DMS production. The contribution of
significant DMS emissions from the coral reefs to the non-sea-salt sulfate
(nss-SO?7) aerosol formation over the Bay of Bengal and Andaman Sea can

be an important aspect for future investigations.
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Effect of DMS emissions from
coral reefs around the Andaman

Islands

Key takeaways

¢ Tidal stress-induced emissions from corals in the Invisible Bank and
Andaman shelf region significantly enhanced DMS levels over the

Andaman Sea

* Corals are an important source of DMS to the MBL over the Andaman
Sea, with an estimated flux of ~ 0.5 ymol m~2 hr~! under tidal stress
and an annual sulfur emission of ~ 1.43 Gg S yr~! from the Andaman

and Nicobar coral reef area

5.1 Introduction

In addition to marine phytoplankton, emissions from coral reefs are a
significant source of atmospheric DMS at regional scale (Jackson et al.,
2020a; Jones et al., 2018). High concentrations of DMSP (up to ~ 54 uM)
and DMS (up to ~ 19 M) have been measured in coral reef-dense areas
of the Great Barrier Reef (GBR) region (Broadbent & Jones, 2004; Swan,
2022). The DMS emissions from coral reefs are associated with the metabolic
activities of coral polyps and their endosymbiont zooxanthellae (algae) in
coral tissues, and the coral bacterial community (Broadbent & Jones, 2004;

Deschaseaux et al., 2019; Guibert et al., 2020; Raina et al., 2013). Although

103



Chapter 5

not well quantified, the production and emission of DMS and DMSP from
coral reefs are recognized to be highly sensitive to oxidative stresses caused
by air exposure, alleviated UV-irradiance, warmer SST, desiccation, and
hypoxia (Deschaseaux et al., 2014; Fiddes et al., 2021). The DMS(P)
synthesis by coral polyps in the absence of algal endosymbionts highlights
crucial climatic implications of coral bleaching under thermal stress (Raina
et al., 2013). DMS from coral reefs can be emitted into the atmosphere via
sea-to-air exchange processes or directly during aerial exposure of corals
(Jackson et al., 2022). Thus, shallow depths and warm SST of the tropical
coral reef shelf waters can facilitate high production and exchange of
DMS. The annual flux of DMS from the global coral reef regions, based
on emissions from the extensively studied GBR, is estimated to be ~ 0.3
Tg S yr~!, which is ~ 1.7% of global DMS flux data. These DMS flux
estimates are significant considering its release only from ~ 0.2% of the

surface ocean (Fiddes et al., 2021; Jackson et al., 2020b).

The Andaman Sea is surrounded by extensive coral reefs in the Andaman
and Nicobar Islands, along the coastline of Myanmar and Thailand, and
the northwest tip of Sumatra. The Andaman and Nicobar Islands are one
of the major coral reef regions of India, surrounded by narrow, linear, and
well-developed fringing reefs in almost all the islands (Saroj et al., 2016).
The total area occupied by coral reefs around the Andaman and Nicobar
Islands is ~ 1021 km? (SAC, 2010). Lakshmi et al. (2021) reported a large

diversity of reef-building corals in 5 locations between 12—13°N.

As discussed in the previous chapter (Chapter 4), despite the stratified
surface waters and a similar surface biogeochemistry as the Bay of Bengal,
large DMS enhancements were observed in our measurements over the
Andaman Sea compared to the Bay of Bengal. This highlighted influence of
strong DMS source. In this chapter, we have investigated the role of coral
reefs in the DMS enhancements over the Andaman Sea during SK#373
campaign in the eastern part of the northern Indian Ocean. Continuous
measurements of DMS were conducted over the Andaman Sea [9-140N;

93-950E] during 1-8 October 2021.
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5.2 Results and Discussion

5.2.1 Impact of coral reef emissions and environmental factors
on DMS variability over the Andaman Sea
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Figure 5.1: Diurnal variation of the DMS mixing ratio over the Andaman
Sea (green) and tidal height at the Aerial Bay coast (blue), Andaman Islands.

Diurnal analysis of DMS mixing ratios and tide data suggests that the
high DMS variability in our measurements over the Andaman Sea is largely
affected by the coral reefs surrounding the Andaman Islands (Figure 5.1).
The tide height data measured at Port Blair and Aerial Bay stations
situated in the Andaman Islands revealed that the coast regions experience
a semi-diurnal tide cycle. As shown in Figure 5.1, the DMS peak in the
evening (~ 17 hr) coincides with the up-slope in the tide height between 14—
18 hr, while another DMS peak at ~ 01 hr LT occurs during the tidal low
between 0—3 hr. A similar diurnal pattern of DMS mixing ratio has been
reported by Jackson et al. (2020b) from long-term measurements at Heron
Island in the GBR. Coral reefs have been recognized to release substantial
amounts of DMSP, DMSO, and DMS in the seawater, and directly to the
atmosphere due to aerial exposure during the low tides (Hopkins et al.,
2016). Although corals could certainly make significant emissions of DMS

over the Andaman Sea, the events of DMS mixing ratio seem to also be
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Figure 5.2: Time series variations of the DMS mixing ratio and wind
direction over the Andaman Sea and tidal heights recorded at Aerial Bay
and Port Blair stations during 1-8 October 2021.

regulated by meteorological factors and atmospheric processes controlling

both the exchange and build-up in the MBL.

Further, tidal height and wind direction data were used to investigate
the influences of coral emissions in the time series variation of the DMS
mixing ratio over the Andaman Sea during 1-8 October 2021 (Figure 5.2).
The highest DMS enhancement (ADMS ~ 300 ppt) above the background
concentration (~ 110 ppt) over the Andaman Sea were observed during 6-7
October. This pronounced increase in the DMS mixing ratio was associated
with the rapid change in wind direction from the north to northwest,
leading to transport of air masses from the Andaman shelf region. In
addition, the time series of the tide height data recorded at Port Blair
and Aerial Bay stations reveal low tides, with large tidal amplitude, on
the evening of 6 October, just prior to the DMS event. The transport of
air masses from the exposed coral reefs in the upwind of the measurement
locations could have led to the enhanced DMS levels. During 6-7 October,
the rainfall events in the island region, around Port Blair (Table 5.1), and

along the ship track in the Andaman Sea were recorded.

Other considerable peaks of DMS in this region were observed following
the low tides at midnight (~ 200 ppt) and afternoon (~ 270 ppt) on 3
October. The DMS afternoon background levels (afternoon low due to

photochemical loss) on 3 October were also elevated compared to other days
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in the Andaman Sea. The spikes (A ~ 120 ppt & 170 ppt at 00 and 14 hr,
respectively) in DMS in these events are occurring at the tidal low, forming

a peak at the upslope of tidal height (Figure 5.2).

Table 5.1: Meteorological conditions at Port Blair, Andaman Islands, during
6-7 October 2021.

Date Time Weather Temperature RH (%)
°C)

06-10-2021 02:30 Light rain. 26 95
Overcast.

05:30 Drizzle. Overcast. 25 95

08:30 Light rain. 24 96
Overcast.

11:30 Light rain. 25 98
Overcast.

14:30 Rain. Overcast. 24 95

17:30 Light rain. 24 96
Overcast.

20:30 Overcast. 25 97

23:30 Overcast. 25 98

07-10-2021 02:30 Light rain. 26 95
Overcast.

05:30 Drizzle. Overcast. 25 95

08:30 Light rain. 24 96
Overcast.

11:30 Light rain. 25 98
Overcast.

14:30 Rain. Overcast. 24 95

17:30 Light rain. 24 96
Overcast.

20:30 Overcast. 25 97

23:30 Overcast. 25 98

The measurement points of elevated DMS on 3 October are located
parallel to the invisible bank (IB), which is a shallow submerged plateau
to the east of the Andaman Islands (Figure 5.3a). The NOAA-coral data

revealed presence of benthic corals in the central Andaman Sea and IB
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(Figure 5.3c). The depth of IB can range from 2-100 m. The DMS
enhancements on 3 October match strikingly well with IB depth variations,
with high concentrations beside the shallow centre of IB and decreasing
DMS levels as the ship moves away from the centre. The afternoon spikes
in atmospheric DMS observed on 6 October are 2-3 times higher than on
3 October, which could be primarily due to higher tidal amplitude and
lower solar flux on 6 October. Common wind conditions as of 6 October
were observed, such as sudden changes in wind direction and relatively

higher winds. The tidal lows render the coral reefs in shallow shelf

DMS (ppt)
AeriakhBay
3 100 250 400

0 50 60 80 110 130 150 200 420
DZIS (ppPt)

O Deep Sea & underwater
Corals (NOAA

T93.0 940

Figure 5.3: (a) Bathymetric map of the Andaman Sea with DMS mixing
ratio along the cruise track, (b) in situ wind vector over measurement location
for the highlighted DMS episode during 6-7 October 2021, and (c) Invisible
Bank and underwater coral data from NOAA. The contours represent the

ocean depth in meters (m).

waters exposed to the atmosphere, which releases a burst of DMS into

the atmosphere. A consequent release of DMSP in the seawater after
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resubmersion enhances the DMS concentrations in seawater (Hopkins et
al., 2016). The oxidative stress, and hence the release of DMS from
corals, is proportional to the extent of exposure. The presence of corals
also suggests high DMS concentration from production by zooxanthellae
in the coastal waters surrounding the Andaman Nicobar Islands. Swan
et al. (2017) have reported the intense spikes of the atmospheric DMS
concentration at low tides when convective precipitation fell onto the aerially
exposed platform reef at Heron Island, southern GBR, Australia. This
study established that the occurrence of rain events can intensify the
low-tide emission of DMS from coral reefs. The rainfall events and the
NW winds could have provided a favourable condition for the release of
DMS from the coral reefs surrounding the Andaman Islands, followed by
the dispersion of DMS-rich air masses over the central Andaman Sea.
It is recognised that extensive fringing reefs are present throughout the
Andaman Sea and they are particularly well developed in the Andaman
and Nicobar Islands, along the coastline of Myanmar and Thailand, and
the northern tip of Sumatra (Brown, 2007). The fringing reefs (dominated
by Alcyonarians and Acropora species) are found to be well developed on
the eastern sides of the islands, with the only ‘barrier’ reef on the west
coast of the Andaman Islands. The experiments have shown that hard
corals such as Acropora spp., which is a dominant coral in the Indo-Pacific,
can produce substantial amounts of seawater and atmospheric DMS (E.
Deschaseaux et al., 2018; G. Jones et al., 2018). The reef-building corals in
the Andaman region (12-13°N) are dominated by Acropora genus, recorded
in 28 species of hard corals among a total of 124 species (Laxmilatha
et al., 2021). Furthermore, the background DMS levels on 3 October
were higher than on other days of measurements in the Andaman Sea
(Figure 5.2). Two crucial factors could be supplementing the enhancements
and the excessive background concentrations on 3 October: Transport of
DMS through air mass travelling from DMS-rich warm tropical coral reef
regions along the coast of Sumatra (Figure 5.4) as seen in air mass back-

trajectory over the Anadama Sea transect (see Figure 4.1b); And increased
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Figure 5.4: Coral distribution map of the tropical Indian Ocean, the black
circle represents the air mass back trajectory passage for the observations
during 3-4 October 2021.

DMSP production by local phytoplankton biomass in response to salinity
fluctuations. Additionally, the coastal regions of Sumatra are marked with
a bleaching alert around the sampling period (Figure 5.4), which could
lead to higher DMSP production in the coral reef waters due to thermal

stress.

Coral polyps and their endosymbiotic organisms upregulate the biosyn-
thesis of DMSP and DMS under oxidative stresses caused by elevated SST
and solar irradiance, salinity down shock from riverine discharge, and aerial
exposure at low tide (Hopkins et al., 2016; Jackson et al., 2020b; Swan et
al., 2017). DMS can be released directly into the atmosphere on exposure
of corals to air during low tide, or via SST and wind-dependent air-sea
exchange processes, particularly in shallow warm shelf waters harbouring
corals (Hopkins et al., 2016; Jackson et al., 2022; Swan et al., 2017).
The enhancement of DMS is not limited only to aerial exposure of corals;
they also release a burst of DMS in the water after resubmersion, which
typically declines in an hour via oxidation to DMSO (Hopkins et al., 2016).

The amount of DMS (~18.7 uM) reported in coral mucus ropes, released as
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a stress response, has been found to be the highest among natural marine

substances (Swan, 2022).

5.2.2 DMS flux from coral reefs of the Andaman Islands

DMS flux from the coral reef region can be estimated using the photo-
chemical mass-balance equation (Eq. 5.1) for DMS, under the assumption
of a well-mixed atmospheric boundary layer (Ayers et al., 1995; Chen et
al., 1999; Swan et al., 2017):

d[DMS]
dt

— Fpusu — k[OH][DMS] + w, ([DMSt] — [DMS]) H (5.1)

d[DMS]

where -

of DMS, [OH] and [DMS] are the mean concentrations of OH radical and
DMS in MBL, [DMSt] and w. are the DMS concentration and entrainment

is the change in DMS per unit time, Fpysy is the air-sea flux

velocity in the transition layer between MBL and free troposphere or the
entrainment zone, H is the mean height of the MBL during 11-15 hr, and

k is the overall rate constant for first-order reactions of OH with DMS.

It is based on the top-down approach, similar to the gas flux estimation
method discussed in Section 2.7, with an additional term accounting for
the photochemical loss during daytime. [DMS;] is considered to be zero as
the concentration of DMS transferred to the free troposphere is negligible
due to rapid oxidation by radical species in the tropical MBL. DMS flux
from coral reefs is determined using the following equation:

d[DMS)]

F =H
DMS X ( di

+ k[OH] [DMS]) + w.[DMS] (5.2)

We used the two low-tide associated afternoon peaks of DMS mixing ratios,
observed on 3 and 6 October, for the calculation of coral reef DMS emissions
from the northern Indian Ocean. The MBL height is taken from ERA5
reanalysis data product (Hersbach et al.,, 2018), and mean values of 792
m and 595 m are used for measurement locations covered during 3 and

6 October peaks, respectively. %k is taken as the integrated reaction rate
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L7t at 25°C and 1 atm pressure,

constant value of 6.5x107!? em® molecules™
incorporating the OH abstraction and addition reactions (Atkinson et al.,
1988). The OH concentrations were taken to be 1.8 x 10° molecules em ™ for
the eastern Bay of Bengal around the Andaman and Nicobar Islands during
September—November (Kuttippurath et al., 2023). The OH concentration
around this region is considerably lower than the rest of the basin due
to loss of OH associated with volcanic SO,. w. is taken as 5 mm s !
following the study by Warneke and de Gouw (2001) conducted over the
western tropical Indian Ocean. The coral reef emission fluxes calculated
for 3 and 6 October are 0.4 and 0.6 umol m~2 hr—!, respectively. Since
the OH radical concentration is a function of solar flux, OH concentration
could be a critical factor, adding to the uncertainty in our flux estimates

as the solar flux was substantially higher on 3 October than on 6 October

with mostly cloudy weather.

The emission estimates from low-tide exposure of corals in the Andaman
Sea are almost three times less than the estimates received from the low-
tide DMS release GBR region (~1.5 ymol m—2 d~!; Swan et al., 2022). The
estimates of global coral-reef-derived DMS emissions are essentially based
on the extrapolation of flux from the GBR, which can overestimate the
DMS emissions from global coral reef regions. Our estimates can provide
important insights into the contribution of coral-reef-DMS emissions from
the northern tropical Indian Ocean. The annual sulfur emissions from the
total Andaman coral reef area can be estimated to be ~1.43 Gg S yr—'.

Our estimates would be beneficial in investigating the contributions of coral

reef-derived DMS to aerosol formation over the Andaman Sea.

5.3 Conclusion

This study highlights the significance of coral reef emissions in the elevated
DMS mixing ratios (112+69 ppt) observed over the Andaman Sea. These el-
evated levels are primarily influenced by emissions from coral reefs along the

Andaman Islands, the Invisible Bank, and the warm equatorial reef waters
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near the Sumatra coast. The DMS flux resulting from the aerial exposure
of coral reefs during low tides was estimated to be ~0.5 ymol m~2 hr!.
Through spatial extrapolation, we estimate an annual DMS sulfur emission
of about 1.43 Gg S yr~! from coral reef regions surrounding the Andaman
Islands. This highlights the potential influence of coral reefs on nss-SO3~
aerosol formation over the Andaman Sea. Furthermore, the strong DMS
emissions from the coral reefs of the Andaman Sea highlight their poten-
tial in influencing regional aerosol and climate dynamics in the coral reef
regions of the northern Indian Ocean. Our findings emphasize the need
to constrain the coral reef emissions from the northern Indian Ocean for

improved modeled estimates of regional DMS emissions.
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Variability of atmospheric DMS
along the southern coastal region

of the Indian subcontinent

Key takeaways

¢ Strong dilution of atmospheric DMS during continental outflow along

the coastal waters of the Indian subcontinent

* Higher isoprene abundances in continental outflow modulate the DMS

chemistry and its diurnal cycle in coastal marine air

¢ Emissions from coral reefs are an important source of DMS enhance-

ments in the coastal MBL of the northern Indian Ocean

6.1 Introduction

The DMS climatologies have shown that ~11% of the global DMS flux
comes from coastal regions despite covering only 9.7% of the ocean surface
area (Lana et al., 2011; Zhou et al., 2024). Notable coastal DMS hotspots
include the Chile coast, southern Alaskan coast, southwest coast of Africa,
polar shelf, and the coastal provinces of the Arabian Sea and Bay of Bengal
(Hulswar et al., 2022). Coastal waters are usually characterized by elevated
DMS concentrations (2-50 nM) associated with nutrient-rich riverine input
and wind-driven upwelling (Asher et al., 2017; Zhao et al., 2022; Zindler

et al., 2012), greater Chl-a concentrations and microbial activity (O’'Brien
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et al., 2022), and DMSP-enhancing phytoplankton assemblages (Bepari et
al., 2020; Borker et al., 2022; Gao et al., 2025; Zhang et al., 2017).

Royer et al. (2015) have found that the spatial variability scales of
DMS are smallest with variability length scales (VLS) < 15 km in trop-
ical/subtropical coastal regions and highest in the oligotrophic open ocean
with VLS up to ~ 200 km. The rapid variability (VLS ~ 7 km) in coastal
areas is primarily related to high productivity and bloom patchiness, pre-

dominantly driven by biogeochemical rather than physical parameters.

In addition, emissions from dense coral reefs in tropical coastal shelves
(Hoegh-Guldberg et al., 2017) can also contribute to substantial DMS vari-
ability. Laboratory experiments have reported that aerial exposure of coral
reefs during low tides can directly release DMS into the tropical atmo-
sphere (approximately 23°N to 23°S). However, DMS emissions from coral
reefs are not presently accounted for in existing climatologies and Earth

System models (Hopkin et al., 2016 and references therein).

Previous studies have reported high DMS concentrations and fluxes in
estuaries and coastal ocean waters surrounding peninsular India (Bepari et
al., 2020; Borker et al., 2022; Shenoy & Kumar, 2007; Shenoy & Patil, 2003;
Viswanadham et al., 2016). Shenoy and Kumar (2007) documented signifi-
cant seasonal variability in DMS seawater concentration (1.2-525.6 nM) in
coastal waters of the Arabian Sea and Bay of Bengal. The highest values
were reported in the southwest (SW) monsoon, with DMS concentrations as
high as 526 nM in the western coastal waters of India (Shenoy & Kumar,
2007), significantly exceeding the concentration reported along the eastern
coast (up to 16 nM; Rao et al., 2015). The DMS enhancements in the
coastal Arabian Sea are driven primarily by upwelling and phytoplankton
composition (Dias et al., 2023). While in the Bay of Bengal, riverine nu-
trient influx, variable nutrient stress, and seasonal salinity fronts are the
major factors, with impacts varying latitudinally (Rao et al., 2015). Surface
stratification and tropical cyclone (TC) events (Kumari et al., 2019) can also
lead to reduced DMS levels in surface waters of the coastal Bay of Bengal.

The DMS concentrations (3.6 + 5.7 nM) in estuaries on the east coast of
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India have been reported to be higher than most estuaries globally, with a
large seasonal variability driven primarily by phytoplankton biomass and
species composition (Viswanadham et al., 2016). An annual DMS flux of
~ 20 pmol m~2 d~! has been estimated from the coastal waters of India
(Bepari et al., 2020; Shenoy & Kumar, 2007).

Gupta et al. (2025) conducted the first measurements of atmospheric
DMS in the Arabian Sea and reported elevated DMS mixing ratios of ~ 116+
120 ppt (30-709 ppt) over the eastern coastal waters of India. Transport of
continental pollutants, with higher nighttime NO; concentrations in coastal
regions (Stark et al., 2007), can alter the DMS chemistry in otherwise
cleaner marine air (Gupta et al., 2025).

The present study is based on the first shipborne in situ measurements of
atmospheric DMS concentration over the tropical coastal waters surrounding
the southern Indian subcontinent. We analyzed high time-resolution DMS
data to investigate the key processes controlling the regional and short-term
variability over the coastal waters of Sri Lanka, India, and the Laccadive
Sea. We also used simultaneously measured isoprene mixing ratio data to
assess the impact of the outflow of terrestrial air masses on DMS levels in

the coastal MBL.

6.2 Cruise Campaign

The shipborne campaign was conducted over the southern coastal regions
of India and Sri Lanka, and the Laccadive Sea, onboard ORV Sagar Kanya,
during 27-31 October 2021. The cruise started from Chennai port, sailed
along the eastern and southern coast of Sri Lanka, and across the Laccadive
Sea, and reached Kochi port on 31 October 2021. The ship was anchored
near the Kochi port during 1-2 November 2021. The surface waters of the
coastal Bay of Bengal and the Laccadive Sea show contrasting hydrographic
and biogeochemical properties, with a transition near the southern tip of Sri
Lanka. The Chl-a concentrations were high in the Laccadive Sea (Figure
6.1a), while the SST was warmer along the eastern coast of Sri Lanka

than in the Laccadive Sea during the campaign (Figure 6.1b).
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Figure 6.1: Ship track (black line) over the southern coastal waters of India
and Sri Lanka, and the Laccadive Sea on the MODIS (a) Chl-a and (b)
SST composite maps during 24-31 October 2021. The red circles along the
track represent the measurement date (day of October at 00 hr LT).

The distributions of SST and Chl-a in this region are primarily controlled
by the change in surface current dynamics associated with the transition
in wind flow from southwest (SW) to northeast (NE) winds. During this
period, the centre of flow convergence of the monsoonal currents and the
upwelling shifts towards the west of Sri Lanka (de Vos et al., 2014). In
October, the East India Coastal Current starts flowing southward along
the east coast of the Indian subcontinent, transporting warmer, low-salinity
surface waters to the east coast of Sri Lanka (Vinayachandran et al., 2005).
This pattern subsequently leads to higher sea levels and high SSTs in the
southeast Arabian Sea, called the Lakshadweep high (LH) or ‘Arabian Sea
mini warm pool’ (Shankar and Shetye, 1997). The LH is an anticyclonic
eddy formed off the southwest coast of India and east of the Lakshadweep
islands (Ernst et al., 2022 and references therein). The Laccadive Sea and
the west coast of Sri Lanka also experience higher rainfall and cloud cover

than the east coast in October (Marambe et al., 2015).

6.3 Results and Discussion
6.3.1 Spatio-temporal distribution of DMS over the study region

The observed DMS mixing ratio, SST, SSS, and meteorological parameters

show contrasting features along the tracks over the Sri Lanka coast and
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the Laccadive Sea (Figure 6.2). DMS levels were substantially higher over
the east coast of Sri Lanka (34-228 ppt) than over the southern coast of
Sri Lanka and offshore Laccadive Sea (Figure 6.2a). The measurements
along the east coast of Sri Lanka were influenced by the predominant E-SE
winds transporting marine air from the southern Bay of Bengal (Figure
6.2f). Contrastingly, terrestrial outflow, driven by stronger NE winds from
the continental regions of Sri Lanka and peninsular India, prevailed over

the Laccadive Sea (Figure 6.2f).
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Figure 6.3: Time series of tide height data at Trincomalee and Colombo

stations in Sri Lanka during different periods of the campaign.

The elevated DMS levels (150-230 ppt) and higher background (~
100 ppt) concentrations over the northeast coastal waters of Sri Lanka
were associated with relatively low wind speeds and higher air tempera-
tures (27-32 °C) (Figure 6.2b, e). As inferred from the VC data (discussed
in Section 6.3.3) and tide height at Trincomalee station (Figure 6.3), the
accumulation of DMS and emissions from coral reefs during low tides could
have led to the elevated DMS mixing ratios in this region.

Coral reefs can be a significant local source of atmospheric DMS (Jackson
et al., 2020a; Jones et al., 2018). The coastal regions of Sri Lanka harbour
several coral reef habitats, mostly fringing reefs, along ~2% of its coastline
(Ellepola et al., 2021; Rajasuriya & White, 1995). Extensive fringing reefs
are found along the east coast and are better developed than the reefs along
the southwestern coast (Perera, 2011). The development of coral reefs along
the southern coast is inhibited primarily due to increased sedimentation by

intense rainfall during the southwest (SW) monsoon (Ellepola et al., 2021).
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Figure 6.2: Variability of (a) DMS mixing ratio, (c) salinity, (d) SST, (e)
temperature, and (b, f) wind parameters along the cruise track during the
campaign (27-31 October 2021). AS and BOB in panel (a) represents Arabian

Sea and Bay of Bengal, respectively; (g) coral distribution around southern

parts of the Indian subcontinent, and (h) SSTs, corals and Estuarine systems
near the cruise track (colored with DMS mixing ratio) in southwest coast of

India, highlighted by red rectangle 2 in (a).
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Despite the presence of corals, the decrease in DMS mixing ratio along
the east coast can be attributed to dilution from stronger winds, photo-
chemical degradation, and ocean tidal phase. The analysis of tide height
data at Trincomalee station on the east coast shows that the occurrences
of DMS peaks (> 100 ppt) coincide with the low tide periods (Figure 6.3).
Aerial exposure of coral reefs during the low tides results in large emis-
sions (3—11 mmol m~2 d~!) of gas-phase DMS directly into the atmosphere
(Hopkins et al., 2016). Additionally, thermal- and UV-stress from warmer
SSTs and higher solar flux in the northeast coastal waters of Sri Lanka
could have facilitated an increase in DMS emissions from coral reefs in
this region (Deschaseaux et al., 2014; Fiddes et al., 2021). Jackson et al.
(2020b) have also reported negative and positive correlations of atmospheric
DMS with tide height and SST, respectively, over the Southern GBR.

Another anomalous DMS enhancement of ~ 100 ppt was observed over
the Laccadive Sea along the southwest coast of India (Figure 6.2h). The
southwest coast of India, particularly along south Kerala, harbours patchy
growth of hard coral reefs in the intertidal regions (Baiju et al., 2019;
Jasmine et al., 2009). This enhancement in DMS also coincides with the
negative anomalies in SST (~ 0.7°C) and salinity (~ 0.7) (Figure 6.2d, c),
suggesting the influence of estuaries and riverine waters (Figure 6.2h).
Except for some localized DMS enhancements, the differences in prevailing
meteorological and sea surface conditions could have played a major role

in DMS variations along the track.

6.3.2 Time series of DMS mixing ratio with oceanic and meteo-
rological parameters

The time series variations showed large spatio-temporal variations of DMS
mixing ratios (34—228 ppt) over the eastern coastal waters of Sri Lanka and
the southwest coast of India, while levels were consistently low (40—68 ppt)
over the Laccadive Sea with no substantial variability (Figure 6.4). The
average DMS mixing ratio of 111 + 38 ppt over the east coast of Sri Lanka
was about 2 times higher than the southern coast of Sri Lanka (52 +5 ppt)
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The background DMS mixing ratio,

calculated as the 5th percentile (Apte et al., 2017) of hourly data, over

the Sri Lankan coastal waters (~ 67

Laccadive Sea (~ 41 ppt).
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Figure 6.4: Time series variations of (a) DMS mixing ratio and ventilation
coefficient (VC), (b) SST and Salinity, (c) wind speed and direction, (d)

temperature and relative humidity along with latitude and longitude along

the track over southern coastal regions of the Indian subcontinent during

27 October-2 November 2021.

The analysis of solar flux data indicates that cloudy conditions prevailed

during the measurements over the Laccadive Sea. This may have inhibited

the metabolic production of DMS by

phytoplankton (Toole et al., 2006),

leading to a decrease in air-sea flux in this region. However, the Chl-a con-
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centrations in the Laccadive Sea were higher and could have resulted from
shifting the upwelling center towards the west of Sri Lanka, highlighting the
dynamic oceanic properties observed along the cruise track (as discussed in
Section 6.2). The sharp decline in DMS mixing ratio over the southern coast
of Sri Lanka with drastic changes in SST (A ~ —2.5°C) and salinity (A ~
2.5) indicates the transition in biogeochemical and hydrographic properties

between the Bay of Bengal and Arabian Sea (Figure 6.4b).

Overall, higher (lower) DMS mixing ratios were observed to be associated
with higher (lower) SSTs and lower (higher) salinity during the campaign
(Figure 6.4b). In comparison to the Laccadive Sea, higher SST (29.9+0.1 °C)
and lower salinity (33.6 +0.1) values were measured along the eastern coast
of Sri Lanka (Table 6.1). The elevated DMS levels on 27 October (02—05 hr,
IST) can be attributed mainly to emissions from exposed corals along the
eastern coast during the low tide period (Figure 6.3). In addition, the lack
of DMS+OH loss reaction and calm winds could have contributed to the
build-up of DMS at night, and led to the highly elevated levels. The DMS
peak on the night of 30 October along the southwest coast of India in the
Laccadive Sea coincided with a simultaneous decrease in SST and salinity,

indicating the influence of estuarine waters.

Repeated occurrences of dinoflagellate blooms of Karenia mikimotoi have
been reported along the southwest coast of India, particularly the Kerala
coast, during the post-monsoon season (Li et al., 2019 and references
therein). K. mikimotoi blooms prefer warm SSTs, high nutrient levels and
stratified waters, and therefore, are mostly found in estuaries and coastal
waters (Robin et al., 2013). Culture experiments have demonstrated a
higher release of DMSP (~195 fmol cell!) and DMS (~86 fmol cell™!) from
K. mikimotoi compared to other marine microalgae (Yang et al., 2022). The
transport of DMS from the estuarine and productive coastal waters along
the southwest coast of India could contribute to the elevated DMS along
the Kerala coast and near Kochi port regions. However, despite the high
Chl-a concentrations, the DMS levels in the MBL of the Laccadive Sea

were lower than those along the coastal waters of Sri Lanka and India. It
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Table 6.1: Mean (+ standard deviation) of DMS mixing ratio, meteorological
and hydrographic parameters over eastern and southern coastal waters of
Sri Lanka (SL), Laccadive Sea, Kochi port, and during the entire campaign
(27 October-2 November 2021).

Parameters SL-east SL-south | Laccadive Kochi All data
coast coast sea port

DMS (ppt)f 113437 [6] 52+5 [1] 53+7 [1] 59+39 [6] | 74+36 [1.5]

Wind speed 4.7+£2.2 8.1+2.9 6.8+2.8 3.9+1.4 6.2+2.8

(m s1)

SST (°C) 29.87+0.06 29.72+0.3 29.06+0.2 - 29.32+0.4

Salinity 33.61+£0.05 | 33.91+0.25 | 34.57+0.36 — 34.29+0.5

Solar flux 1314212 1574200 84+131 1584240 1254191

(W/m?2)

Pressure 1008%1 1008+1 1010+1 1009+1 100942

(mb)

Temperature 28.33+1.28 | 27.08+0.65 | 26.24+0.81 | 26.54+1.48 | 27.06+1.33

(°C)

RH (%) 72+6 79+3 81+4 82+6 78+6

Chl-a (mg 0.55+0.15 1.18+1.52 2.23+4.58 0.84+0.02 1.5+3.41

m)

MBLH (m) 707+150 53354 518+148 388+131 577+165

VC (m2s1) 3106+1159 | 4345+1708 | 3793+2359 1439+703 | 3571+1986

fStandard error [SE]

also suggests the crucial influence of atmospheric processes in controlling

the DMS levels over coastal regions of the Indian subcontinent.

6.3.3 Impact of atmospheric ventilation and terrestrial outflow
on DMS variability

The time series of the DMS mixing ratio tends to show anti-correlated
variations with wind speed and ventilation coefficient (VC), highlighting
the impact of atmospheric ventilation on DMS variability along the cruise
track. The lower and higher DMS mixing ratios over the Laccadive Sea
and east coast of Sri Lanka were associated with stronger (6.8 +2.8 m s™!)
and moderate (4.7+2.2 m s~') winds, respectively (Figure 6.4c; Table 6.1).

The lower DMS mixing ratios over the Laccadive Sea were associated with
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consistently higher VC values, implying a stronger ventilation effect. In con-
trast, the DMS enhancement episodes observed along the east coast of Sri
Lanka coincide with the lower VC values (< 4 x 10* m? s7!) (Figure 6.4a).
However, this inverse relationship between DMS and VC is not consistent
in the measurements near Kochi port. The effect of atmospheric ventilation
was particularly stronger over regions with continentally-influenced winds,
as observed over the southern coast of Sri Lanka, the Laccadive Sea, and
near Kochi port (Figure 6.4c). The contributions of continental (anthro-
pogenic + terrestrial biogenic) sources to atmospheric DMS are much lower
compared to the oceanic sources (Andreae & Crutzen, 1997; Lana et al.,
2011). As a result, the lower DMS levels in the MBL of the Laccadive
Sea can primarily be attributed to the outflow of DMS-depleted air masses

from continental regions.

Isoprene mixing ratio, measured along segments of the cruise track, is
analyzed to support the impact of continental outflow on DMS variability.
Contrary to DMS, the isoprene mixing ratio increased during the transition
from marine to continental air masses (Figure 6.5a). On 28 October, a
significant decrease in the DMS mixing ratio over the southern coastal
waters of Sri Lanka coincides with a gradual increase in isoprene from
~ 0.2 ppb to > 0.4 ppb. Although oceanic emissions are one of the sources of
isoprene that contribute ~0.1-11.6 Tg C yr—! to the global isoprene budget
(Exton et al., 2015; Shaw et al., 2010), the contribution from terrestrial
vegetation is significantly higher than oceanic emissions (440-660 Tg C yr—!;
Guenther et al., 2006). Therefore, the terrestrial outflow could significantly
enhance the isoprene levels in coastal MBL. Several studies have reported
high isoprene mixing ratios in the tropical MBL due to contributions from
terrestrial sources (e.g., Yokouchi et al., 1999). Tripathi et al. (2020a)
reported that transport from terrestrial sources resulted in elevated isoprene

concentrations (0.60 + 0.21 ppb) over the northeast coastal waters of the

Arabian Sea during the pre-monsoon season.

An anti-correlation (> = 0.59) between the isoprene and DMS mixing

ratios suggests their distinct source characteristics in the coastal marine
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Figure 6.5: (a) Variations of measured and VC-normalized DMS and
isoprene mixing ratios. The red rectangle highlights the changes in DMS
and isoprene during the transition from marine to terrestrial winds (28-29
October 2021) over the southern coastal waters of Sri Lanka. (b) Scatterplot
of DMS and DMSvc with isoprene mixing ratios during the campaign.
Exponential fits (p < 0.0001) are given in red solid and dashed lines for DMS
vs. isoprene and DMSvc vs. isoprene, respectively. (c) Scatterplot between
DMSvc and Isoyc color-coded for the measurements along the different
segments of the cruise track.

atmosphere (Figure 6.5b). The measurements of lower DMS levels in
continentally-influenced air masses are also consistent with our studies
over the Arabian Sea (Gupta et al.,, 2025) and Bay of Bengal (Gupta
and Sahu, 2025) during the post-monsoon season. However, VC-normalized
DMS (DMSy ) and isoprene (Isoyc) mixing ratios showed a strong positive
correlation (r? = 0.94), particularly over the Laccadive Sea and southern
coastal waters of Sri Lanka (Figure 6.5¢) with land-influenced air masses.
This could be due to the significant impact of oceanic emissions of isoprene
over high Chl-a waters of the Laccadive Sea and DMS emissions from

the productive southern coastal waters of Sri Lanka (Figure 6.1). Marine
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phytoplankton can also be an important source of isoprene in the MBL,
particularly in high Chl-a regions (Shaw et al., 2010). It also emphasizes the
crucial role of ventilation in the low DMS levels in continentally influenced
air masses. Additionally, the highly elevated DMS, - (> 100 ppt) during
moderate levels of Isoyc (0.1-0.6 ppb) over the eastern coastal waters of
Sri Lanka and Kochi port (Figure 6.5¢) shows a significant contribution

of oceanic sources of DMS over the region.

Alternatively, depending on the species composition, marine phytoplank-
ton can also be an important source of isoprene to the marine atmosphere
over the high Chl-a regions (Shaw et al.,, 2010). The major production
mechanisms of marine isoprene are photochemical degradation of dissolved
organic matter in the sea surface microlayer (SML) (Ciuraru et al., 2015),
and metabolic production by certain phytoplankton species (Meskhidze et
al., 2015). Therefore, the higher Chl-a concentrations in the surface waters
of the Laccadive Sea (Figure 6.1a) can be an important source of marine
isoprene to the MBL. Dani and Loreto (2017) proposed a source trade-off
arising from the natural selection of the metabolic pathway responsible for
isoprene or DMS production by different phytoplankton groups. Thus, the
dominance of phytoplankton functional groups favouring isoprene emissions
could also lead to decreased DMS levels. However, due to the unavailability
of phytoplankton composition data during the campaign, a conclusive role
of the biogeochemical source trade-off between isoprene and DMS could not
be established in this study. The emission of marine isoprene also depends
on light intensity and temperature (Booge et al., 2018), making it complex

to separate the oceanic background and terrestrial contribution.

The change in air mass source over the tropical coastal regions could have
significant implications for the secondary aerosol composition in the coastal
MBL. Influx of terrestrial volatile organic compounds (VOCs) can modify the
DMS radical chemistry, consequently influencing the distribution of DMS
oxidation products responsible for secondary sulfate aerosol formation in
the marine atmosphere. Although the emission factor of isoprene is much

higher than that of monoterpenes (MTs), the secondary organic aerosol
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(SOA) yield from MTs is ~ 16 times higher than from isoprene. Hu et
al. (2013) found significant levels of isoprene- and MT-derived SOA tracers
(36 and 20 ng m~3, respectively) in marine air samples across a large
latitudinal range, and the highest concentrations of isoprene SOA tracer
(2-methyltetrols) were reported in coastal MBL with land-origin air masses.
Yang et al. (2020) have reported the impact of vegetation emissions and
fossil fuel combustion controlling the organic aerosols over the western coast

of Sri Lanka.

Further investigations are required to elucidate the relative contribu-
tions of marine isoprene emissions in the productive coastal waters of
the northern Indian Ocean. Our study also underscores a critical gap
in understanding the impact of marine and terrestrial biogenic volatile
organic compounds (BVOCs), particularly isoprene and terpenoids, on the
aerosol chemistry and composition in the coastal MBL around the Indian

subcontinent.

6.3.4 Diurnal characteristics of DMS mixing ratio

The investigation of air-sea exchange and oxidation processes is complex
due to the significant influences of meteorology-driven dilution on DMS
variability. However, to a certain extent, DMSyc accounts for the relative
dilution effects driven by varying boundary layer dynamics and wind speed
along the cruise track (Gupta et al., 2025). We have used DMSy¢ mixing
ratio to investigate the impact of local emissions and atmospheric oxidation

processes controlling the short-term variability in different air masses.

The time series of DMSyc over the coastal waters of Sri Lanka and
offshore Laccadive Sea during 27-30 October exhibits a clear diurnal peri-
odicity, characterized by a daytime (10-16 hr IST) decline and an increase
in the evening/nighttime. During this period, the daytime max/min ra-
tio of DMSy was highest on 28 October along the southern coast of Sri
Lanka (~ 6.2 ppt ppt™'), and lowest along the east coast of Sri Lanka
(~ 24 ppt ppt™!). Additionally, despite substantial OH loss (daytime
max/min ~ 4 ppt ppt™!) on 29 October in the Laccadive Sea region, the
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elevated daytime DMSyc (minima ~ 72 ppt) and the highest nighttime
build-up (up to ~ 225 ppt) suggest strong emissions from marine biological
activities. Satellite data also revealed higher Chl-a concentrations over the
Laccadive Sea than the east coast of Sri Lanka during the campaign period

(Figure 6.1).
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Figure 6.6: VC-normalized DMS (DMS ), isoprene, and solar flux along
the cruise track over the southern coastal waters of the Indian subcontinent
during 27 October November 2021, and air temperature in Colombo, Sri
Lanka (T,.50mpe) during 27-31 October 2021.

The lowest DMS concentration in the late afternoon (14-16 hr LT) along
the east coast of Sri Lanka is consistent with the diurnal feature measured
in the open ocean and coastal regions of the Arabian Sea (Gupta et al.,
2025). The pattern is also consistent with typical diurnal cycles of DMS
reported over other ocean regions, characterized by a build-up in the early
morning and lower values during the late afternoon (Lawson et al., 2020;
Marandino et al., 2007; Yvon and Saltzman, 1996). Unlike the variability
along the east coast, DMSyc levels over the southern coastal waters of
Sri Lanka and Laccadive Sea tend to increase after a dip at ~ 12 hr LT
during 28-29 October. This change could be driven by higher abundances
of isoprene and other reactive biogenic volatile organic compounds (BVOCs)
in the continental outflow (Figure 6.5).

Sri Lanka has a total forested area of ~ 29.6%, with dense tropical
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evergreen forests in the southwest region of the island (Volk et al., 2012).
Tripathi et al. (2021) have reported very high isoprene concentrations
(1.05 £ 0.43 ppb) at a tropical evergreen forest site in the Western Ghats of
India. Therefore, the continental outflow from the forested regions of the
southern Indian subcontinent can efficiently transport isoprene and other
BVOCs to the surrounding coastal marine atmospheres. However, the effect
of terrestrial outflow may not essentially be limited to the coastal MBL, as
we have measured high isoprene (1.02 + 0.07 ppb) and low DMS (55 +5 ppt)
mixing ratios over the offshore waters of the western Bay of Bengal (13°E;

83.5-86°E) during September—October 2021 (Gupta and Sahu, 2025).

The nighttime DMSyc mixing ratios along the east coast were higher
than those over the southern coast and the Laccadive Sea (Figure 6.6).
The nighttime DMSy ¢ peaks (~ 180-250 ppt) along the east coast (02—05 hr
IST; 27 October) and at Kochi port (02—05 hr IST; 1 November) coincided
with the low tide periods (Figure 6.3). These peaks could be attributed
to the emissions from coral reefs, as discussed in Section 6.3.1. However,
unlike the measurements over the Laccadive Sea and southern coast of Sri
Lanka, a clear nighttime build-up of DMSyc was observed along the east

coast of Sri Lanka on 27-28 October and at Kochi port on 2 November.

This discrepancy appears to be driven by the transport of anthropogenic
plumes with elevated NO,, resulting in increased NO3 concentrations (Stark
et al., 2007). This could lead to rapid nighttime DMS loss, inhibiting the
accumulation of DMS in the MBL of the Laccadive Sea. The nighttime DMS
build-up near Kochi port on 2 November may also have been influenced by
cleaner air due to rainfall events, but requires further investigation. The
high nighttime DMSy variability in the land—influenced air masses during
the campaign could be due to the varying abundance of reactive hydro-
carbons (rate constant kyo, ~ 1071-107'* cm® molecule™ s7'). Therefore,
along with the dilution due to transport of DMS-depleted air masses, more
reactive species can modulate DMS-NO; chemistry in the coastal MBL

(Gupta et al., 2025).
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6.3.5 Impact of continental outflow on the oxidation capacity of
coastal MBL

The OH-reaction rate constant of isoprene (komiisoprene = 100 x 1072 cm?

molecule! s7!) is an order of magnitude higher than that of DMS (kom;pwms =
7.6 x 1072 e¢m?® molecule™’ s7!) (Atkinson & Arey, 2003; Burkholder et al.,
2020). Thus, the outflow of isoprene-rich terrestrial air masses can signifi-
cantly influence the oxidation capacity of the coastal MBL (Yanez-Serrano
et al., 2015). The increased isoprene concentrations in the afternoon can
lead to faster consumption of OH radicals, reducing OH availability for
DMS oxidation. The isoprene mixing ratio increased by up to 0.5 ppb
during the transition from oceanic to continental air masses between 28-29
October (Figure 6.4a). This could be one of the factors leading to the
early occurrence (11-12 hr) of DMS daytime minima on 28 and 29 October,
characterized by transport of isoprene-rich air masses over the southern

coastal waters of Sri Lanka.

We calculated the OH-reactivity (Rpy) of isoprene and DMS to quantify
their relative significance in influencing the oxidation capacity using the

following formula (Nolscher et al., 2014; Sahu et al., 2025b):

ROH = kOHi X [VOCZ] (61)

where kop, is the OH-reaction rate constant of VOC; and [VOC,] is the

measured concentration.

Table 6.2: The OH-reaction rate constants and mean (+ standard deviation)
of mixing ratios and OH-reactivity of DMS and isoprene during the daytime
of 28 October 2021.

Compound Mixing ratio ko (cm®molecules™! OH-Reactivity
(ppt) s'l) at 298K (sh
DMS 407+40 7.6 x 10~12[al 0.009+0.002
Isoprene 53+11 100 x 1012001 1.001£0.097

[alBurkholder et al., 2020; ™'Atkinson & Arey, 2003
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During 28-29 October, the Roy of isoprene was approximately two orders
of magnitude higher than that of DMS (Table 6.2), indicating that the
high concentrations of isoprene impeded the daytime oxidation of DMS by
faster consumption of OH radicals. Further, the competitive scavenging of
OH radicals is not limited to isoprene, as the rapid outflow of other reactive
biogenic terrestrial (e.g., a—, /—pinenes, limonene, etc.) and anthropogenic
(e.g., aromatics, NO,, etc.) species to the coastal MBL can result in reduced

OH availability for DMS (Pfannerstill et al., 2019; Zannoni et al., 2017).

6.4 Conclusion

The first high time-resolution shipborne in situ measurements of atmo-
spheric DMS mixing ratio were conducted over the southern coastal regions
of the Indian subcontinent in the post-monsoon season. Higher DMS mixing
ratios (113 + 37 ppt) observed along the east coast of Sri Lanka were influ-
enced by marine air masses from the Bay of Bengal. Despite higher Chl-a
concentrations, the lower DMS mixing ratios (53 +7 ppt) over the Laccadive
Sea were attributed to dilution caused by the rapid outflow of DMS-depleted
terrestrial air masses, as confirmed by elevated isoprene levels. The DMS
levels were more sensitive to transport patterns and wind conditions than
the oceanic productivity, and showed elevated values at lower winds.

The analysis of tide data indicates substantial DMS enhancements over
coastal waters along northeast Sri Lanka and southwest India due to
emissions from coral reefs at higher sea surface temperatures. The diurnal
pattern of the ventilation coefficient-normalized DMS (DMSy ) mixing ratio
reveals reduced photochemical loss of DMS in the afternoon hours under
the continental outflow. The concurrent decrease in DMS and increase in
isoprene were associated with the transition from marine to terrestrial air
masses. In the continental outflow regime, the OH-reactivity of isoprene
(1 +£0.1 s7') was about two orders of magnitude higher than that of DMS
(0.014+0.002 s7!). These results suggest that continental outflow with higher

concentrations of isoprene and other reactive species from the forested
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regions of Sri Lanka can modulate the DMS oxidation rate in the MBL.
The outflow of BVOCs in the MBL can have important implications
for secondary aerosol formation, as the yield of isoprene-derived SOA has
been reported to increase significantly (~51-146%) in the presence of DMS
(Chen & dJang, 2012). Further, the compositional changes due to the
addition of organics to marine sulfate aerosol can lead to a decrease in
the hygroscopicity of the marine aerosols (Meskhidze et al., 2011) and
eventually change the CCN activity and cloud properties (Gantt et al., 2012).
This complex interplay of oceanic and terrestrial air masses controlling the
atmospheric chemistry can have significant implications for aerosol chemical
composition in the surrounding coastal regions of the southern Indian
subcontinent. Therefore, simultaneous and time-resolved measurements of
aerosol composition along with precursor gases are required to understand

their formation processes in different air masses.
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Sources and processes
controlling isoprene distribution

over the northern Indian Ocean

Key takeaways

* Terrestrial outflow from vegetation sources in peninsular India sig-
nificantly contributed to isoprene in the marine air of the Bay of

Bengal

* The photochemical production of isoprene at the SML is a prominent

source in the open ocean of the Arabian Sea

* Reduced isoprene levels associated with increasing Chl-a suggest chem-
ical and biological consumption of isoprene in high productive coastal

waters of the Bay of Bengal

7.1 Introduction

In the global marine atmosphere, most of the measurement-based studies
of isoprene have been reported over the different regions of the Pacific
and Atlantic Oceans (Arnold et al., 2009; Baker et al., 2000; Lewis et
al., 1999; Liakakou et al., 2007; Mungall et al., 2017; Saito et al., 2000).
In particular, measurements of isoprene in marine air and seawater of
the tropical Indian Ocean remain scarce (Table 1.1). Nonetheless, the

average surface isoprene concentration in the eutrophic tropical Indian
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Ocean has been reported to be ~50 pmol L~! at higher SST (>28°C),
which is significantly higher than those measured in subtropical, sub-polar,
and polar waters (Ooki et al., 2015; Zavarksky et al., 2018a). Thus far,
Tripathi et al. (2020a) is the only study providing atmospheric isoprene
measurements over the open ocean regions of the Arabian Sea. The study
reported elevated isoprene concentrations (0.16—-1.12 ppb) in marine air
of the oligotrophic Arabian Sea during the spring inter-monsoon season,
mainly associated with the Trichodesmium (cyanobacteria) and Thalassiosira
(diatoms) blooms at high SST. Modelling studies have further suggested that
marine isoprene-derived secondary organic aerosol (SOA) can constitute over
30% of the monthly-averaged sub-micron organic carbon fraction of marine
aerosols across tropical oceanic regions (30°S — 30°N) (Gantt et al., 2009).
However, to accurately quantify the role of isoprene in marine organic
aerosol formation, climate models require extensive in situ observations,
particularly in understudied areas of the tropical Indian Ocean (Arnold et

al., 2009; Gantt et al., 2010; Shaw et al., 2010).

This chapter is based on the first high time-resolved shipborne in situ
measurements of isoprene mixing ratio over the Bay of Bengal and Arabian
Sea in the post-monsoon. The main aim of this study is to investigate
the roles of terrestrial outflow and oceanic processes in controlling the
distributions of isoprene in the MBL. We also investigated the short-term
and diurnal variations associated with changes in surface hydrographic and

meteorological parameters, and the role of photochemistry.

7.2 Ship Campaign

The high-resolution atmospheric isoprene concentrations were measured
onboard ORV Sagar Kanya over the Bay of Bengal (SK#373) and Arabian
Sea (SK#374) during the post-monsoon season 2021. The details of these

campaigns and cruise tracks are provided in Chapters 3 and 4. The
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statistics of SST, salinity, Chl-a, wind speed, air temperature, relative
humidity, and surface pressure do not show significant differences between
the measurements during the onward (T1, west-east) and return (T2, east-
west) longitudinal transects over the Bay of Bengal (Table 4.1). However,
analysis of wind data measured during this campaign (SK#373) reveals the
predominance of SW-W and NW-NE winds during T1 and T2 transects,
respectively (Figure 7.1).
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Figure 7.1: The ship track, covering two longitudinal transects of (a) T1
(onward, west to east) and (c¢) T2 (return, east to west), is color-coded
with the isoprene mixing ratio over the Bay of Bengal measured during
25 September-14 October 2021. The black curves show 48-hour HYSPLIT
back-trajectories (Draxler & Hess, 1998) at 100 m altitude (AMSL) along
both transects. The polar plots of wind parameters (wind speed, m s_;) and
wind direction color-coded with the EPT (K) during the (b) T1 and (d) T2
transects, respectively.
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7.3 Results and Discussion

7.3.1 Time series of isoprene mixing ratio over the Bay of Bengal
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Figure 7.2: Time series variations of the (a) isoprene mixing ratio, Isoyc,
DMS, (b) SST, salinity, and (c-d) meteorological parameters during onward
(T1, west-east) and return (T2, east-west) transects in the Bay of Bengal,
and the Andaman Sea transect.

The time series variations of isoprene mixing ratio, Isoyc, SST, salinity,
and meteorological parameters along the onward (T1) and the return (T2)
transects are shown in Figure 7.2. At the beginning of T1, during 25-
27 September, the higher isoprene levels of 0.88-1.15 ppb were associated
with stronger westerly winds, higher ambient air temperatures (27-29 °C),
and lower surface pressures (1000—1005 mb). The back trajectories during

periods of elevated isoprene levels reveal the transport of continentally-

138



Chapter 7

influenced air masses from peninsular India and Sri Lanka (Figure 7.1).
Lower isoprene levels of 0.82-0.97 ppb observed during the latter phase
of T1, particularly on 28 September, were associated with the lighter
SW winds, higher pressures (1004-1008 mb), and lower air temperatures
(24-27.5 °C). Back trajectory analysis during this period shows air mass
transport within the MBL of the Bay of Bengal, contributing to the lower
isoprene concentrations. The time series of Isoyc along T1 shows a clear
contrast with a significantly higher mean value of 1.45 + 0.5 ppb during W
winds compared to that of 0.44 + 0.14 ppb during the SW winds.

Along the return transect (T2) between 10 and 12 October, the iso-
prene mixing ratio declined rapidly as the ship moved westward from the
open ocean towards the east coast of India. The higher mixing ratios of
0.80 + 0.06 ppb on 10 October over the open ocean and lower mixings of
0.64 + 0.04 ppb during 11-12 October near the coast were associated with
predominant NW and NE winds, respectively. The NW and NE winds
suggest the transport of continental and oceanic air masses with relatively
higher and lower isoprene levels, respectively. In addition to the role of
distinct air masses, the lower isoprene concentrations along this transect
were mostly associated with the rapid changes in meteorological parame-
ters with higher RH (75-94%), lower air temperatures (23.3-28.5 °C), and
cloudy conditions. The analysis of back trajectories along T2 suggests lesser
influences of continental air masses than T1. Unlike the measurements
along T1, the time series of isoprene and Isoyc show similar variations
along T2 with some exceptions. Overall, the trends of isoprene and Isoyc
show an anti-correlated variation with salinity along both T1 and T2 tran-
sects. However, events of sharp reductions in isoprene and Isoyc levels
were associated with sudden drops in air temperature and SST (discussed

in Section 7.3.2).

In a few cases, such as during the afternoon of 27 September and 12

October, the drops in isoprene concentrations were marked by simultaneous
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Figure 7.3: The time series variations of isoprene mixing ratio and relative
humidity (RH) during the segments of (a) onward (T1, west-east) and (b)
return (T2, east-west) transects over the Bay of Bengal.

changes in meteorological parameters, particularly by the decrease of RH
and wind speed. As shown in Figure 7.2c¢, the simultaneous declines
of equivalent potential temperature (EPT, 6,) indicate the intrusions of
higher altitude air masses during these low isoprene events. Sahu and
Lal (2006) have reported observations of sudden downdrafts of ozone-rich
free tropospheric air masses in the central Bay of Bengal during the
fall inter-monsoon period. Additionally, the anomalies in meteorological
parameters, e.g., wind speed, wind direction, RH, etc., characterize the

effect of downdrafts in the tropical MBL (Folkins et al., 1999; Folkins &
Martin, 2005).

Further, the time series variations of isoprene and relative humidity
(RH) show an anti-correlated tendency during the segments of T1 and T2

transects (Figure 7.3). Along both transects, measurements of short-term
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increase and decrease in mixing ratios were associated with the decrease
and increase in RH, respectively. For instance, the events of elevated
isoprene concentrations (> 1 ppb) along T1 are marked by a sharp decline
in RH (< 76%). The relations of atmospheric isoprene with RH support the

intermittent impact of isoprene-rich terrestrial air masses in the MBL.

Overall, the variability of isoprene and DMS showed an inverse rela-
tionship along both longitudinal transects over the Bay of Bengal, likely
driven by the influence of terrestrial air masses. However, the variability
patterns of isoprene and DMS mixing ratios over the Andaman Sea dis-
played a mixed trend. The mean isoprene mixing ratio (0.80+0.06 ppb)
over the Andaman Sea were lower than the Bay of Bengal (0.85 +0.19 ppb)
as demonstrated by Welch’s t-test (p<0.0001). Although the fluctuations in
isoprene concentrations were less prominent than those of DMS, the iso-
prene levels followed the DMS variability trend during 2—-7 October, except
for coral-related enhancements observed in the evenings of 3 and 6 October.
However, the assessment of Isoyc revealed a variability pattern similar to
that of DMS throughout measurements in the Andaman Sea. This could
be attributed to two factors: the transport of terrestrial isoprene in the
air mass from the Andaman shelf region, and stress-induced emissions of

isoprene from coral reefs and marine ecosystem.

Along with DMS, Swan et al. (2016) have reported isoprene production
by Acropora aspera coral from the GBR. Peak isoprene emissions occurred
when corals were physically stressed by agitation, accompanied by mucus
release. Conversely, no substantial isoprene or mucus release was detected
in undisturbed A. aspera fragments (Dawson et al., 2021). The daytime
decline of isoprene due to photochemistry is evident on all days over the
Andaman Sea, except 2 October. The increase in isoprene on 2 October
was associated with transition to southwest (SW; 180-270°) winds and
significant changes in salinity (A ~ 3) and SST (A ~ +1°C), which is also

consistent with corresponding DMS variability.
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7.3.2 Diurnal and short-term variations of isoprene over the
northern Indian Ocean
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Figure 7.4: The time series variations of the normalized isoprene mixing
ratio to the daily maximum, and solar radiation flux along (a) onward (T1,
west-east) and (b) return (T2, east-west) transects in the Bay of Bengal, and
(d) southeast, and (e) central Arabian Sea. The red dashed lines indicate
daytime decline. Diurnal variation of (c) normalized isoprene mixing ratios
over the Bay of Bengal, and (f) observed isoprene and DMS mixing ratios
over the Arabian Sea.

The time series of isoprene mixing ratio data exhibited significant day-to-
day variations, making it difficult to infer an overall diurnal dependence.
Therefore, to scale the impact of transient spikes and day-to-day variabil-
ity, the hourly isoprene mixing ratio data have been normalized to the

corresponding daily maximum value (e.g., Ferracci et al., 2024; Wohl et
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al., 2020). The normalized isoprene data during both longitudinal tran-
sects in the Bay of Bengal show higher values (mostly >0.95 ppb ppb~!)
in the early morning hours, which declined below 0.85 ppb ppb~! by late
afternoon hours. The isoprene levels and rate of decline for the clear-sky
days were significantly higher than those for the cloudy days. For example,
the normalized isoprene concentrations declined from ~1.0 ppb ppb~! at
sunrise to ~0.86 and 0.74 ppb ppb~! in the evenings of the clear-sky days
on 27 September and 10 October, respectively. Some hour-to-hour fluctua-
tions, deviating from the decreasing trend lines, were associated with the
changes in solar flux and meteorological and sea surface parameters, as
noticed during the cloudy days of 11-12 October. On the afternoon of 12
October, the normalized concentration showed a lesser decline than that
seen on other days. This could be due to a sudden increase in SST from
30.4-31.5 °C between 10:30-11:00 IST, enhancing the air-sea exchange of
isoprene and counterbalancing the loss due to OH oxidation (Figure 7.4b).
The composite diurnal patterns of the normalized-isoprene (Figure 7.4c)
demonstrate a decline of 15-20% in the afternoon compared to early morning
during both transects. This establishes the effect of photo-oxidation loss by

reaction with OH radical, leading to lower daytime isoprene concentrations.

However, despite the high solar flux, the normalized isoprene data in the
Arabian Sea show an increase from 0.75-0.85 ppb ppb~! in early morning
to 0.95-1.0 ppb ppb~! in late afternoon hours (Figure 7.4e). This pattern
is more consistent in the central Arabian Sea than in the southeast Arabian
Sea, similar to those observed over the Bay of Bengal (Figure 7.4d). The
rate of decline of normalized isoprene in the southeast Arabian Sea is more
prominent near the coast (1.0 to 0.8 ppb ppb~!) than over the offshore open
ocean waters of the Arabian Sea. We further examined the campaign
mean diurnal variations of the isoprene and DMS mixing ratios over the
Arabian Sea (Figure 7.4f). Isoprene exhibited an apparent increase during

12-17 hr LT with maximum diurnal concentrations ~17 hr LT, while DMS
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continued to decrease till ~17 hr LT due to its photochemical loss. These
results suggest that the photochemical production of isoprene at the SML
could be a prominent source in the open ocean of the Arabian Sea. The
SML is an organic-rich layer at the air-sea interface, where photosensitized
reactions involving dissolved organic matter and UV exposure lead to abiotic
production and direct emission of isoprene from the sea surface (Ciuraru
et al., 2015). Based on the global modelling study, Conte et al. (2020) have
reported significant contributions (0.39 Tg C yr~!; 0.29-049 Tg C yr 1)
directly from the SML to the total global marine isoprene emissions into
the atmosphere. On the other hand, the contributions from the terrestrial
sources over the Bay of Bengal and the southeast Arabian Sea were higher
than those from oceanic sources. Relationships between daily mean DMS
and isoprene mixing ratios also support the contribution of terrestrial and
marine isoprene over both the basins (Figure 7.5). The daily mean mixing
ratios of DMS and isoprene show an inverse relation in the Bay of Bengal,
indicating the predominant terrestrial and oceanic sources of isoprene and
DMS, respectively. Over the Arabian Sea, except near the Kochi port,
isoprene mixing ratios show lesser variability (0.35-0.5 ppb), while DMS
showed relatively large variability (40-200 ppt).

Several studies have reported the diurnal dependence of isoprene in the
MBL of different oceanic regions. However, unlike the present study, the
isoprene measurements in the MBL of most other oceanic regions have
shown relatively higher daytime concentrations due to increased marine
emissions from the metabolic activity of phytoplankton (Shaw et al., 2010).
Tripathi et al. (2020a) reported higher daytime concentrations (0.69 +
0.06 ppb) than nighttime (0.44 + 0.08 ppb) in the MBL of the Arabian Sea
in the spring inter-monsoon season. The higher daytime isoprene mixing
ratios measured at coastal stations of Cape Grim (Tasmania) and Mace
Head (Ireland) were attributed to terrestrial influences (Lewis et al., 1999;

2001). Colomb et al. (2009) reported higher isoprene mixing ratios in the
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Figure 7.5: Scatter plot between the daily mean DMS and isoprene mixing
ratios over the (a) Bay of Bengal during 27 September-14 October 2021 and
(b) Arabian Sea during 3-24 November 2021.

forenoon hours (10:00-12:00 LT) in the MBL of the southern Indian Ocean
during December 2004. The observations in the MBL of the Southern
Ocean show higher mixing ratios during the daytime with a peak in the
morning hours and lower values at night (Ferracci et al., 2024). Wohl et
al. (2020) have reported ~ 12% higher daytime isoprene mixing ratios than
the nighttime values in the Atlantic sector of the Southern Ocean during

February—April 2019.

7.3.3 Longitudinal dependence of isoprene mixing ratio in the
Bay of Bengal

The dependencies of isoprene on atmospheric pressure were investigated as
functions of longitude, wind speed, and air temperature (Figure 7.6). The
occurrences of relatively lower (< 1006 mb) and higher (> 1006 mb) atmo-
spheric pressures at different locations along the ship track indicate the
dominance of land-influenced and marine air masses, respectively. The vari-
ability in isoprene measurements was significantly higher in land-influenced
air masses (0.83+0.22; range 0.55-1.15 ppb) than in the oceanic air masses
(0.81+0.14; 0.58-1.0 ppb), based on F-test (F=2.5, p<0.0001). This was also

associated with relatively stable and fluctuating meteorological conditions
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in continental and marine air masses, respectively.
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Figure 7.6: The left panels (a-c) show the relationships between the isoprene
mixing ratio and ambient air pressure in two distinct regimes, representing
predominant influences of continental air (low pressures) and oceanic air
(higher pressures). The right panels (d-f) show the longitudinal dependence
of the isoprene as a function of the Chl-a concentration, salinity, and SST
during the onward (T1, west-east) and return (T2, east-west) transects over
the Bay of Bengal.

In Figure 7.6d-f, we have further investigated the longitudinal depen-
dence of isoprene as a function of Chl-a, salinity, and SST along the
two transects between 82-90°E. Along T1, the isoprene mixing ratio var-
ied in the range of 0.88-1.15 ppb and gradually decreased west-to-east
(—0.03 ppb °E!). In contrast, it varied between 0.55—0.86 ppb and gradu-
ally increased west-to-east (0.025 ppb °E~!) along T2. The isoprene mixing
ratios were higher throughout the T1 longitudinal transect than T2, with
average values of 0.96+0.07 and 0.62+0.06 ppb, respectively. A decreasing

tendency in isoprene levels from the coast to the open ocean along T1 can be
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attributed mainly to increased loss and dilution in the land-influenced air
masses transporting terrestrial isoprene into the MBL. As shown in 7.1b,
the measurements of isoprene along the T1 transect were mostly influenced
by the SW/W winds. The measurements with stronger winds (> 5 m s™!)
and higher 6, (> 348 K) indicate the transport of continental-influenced air
masses. The biogenic emission from dense vegetation in peninsular India
is known to be an important source of isoprene and other BVOCs (Tripathi
et al., 2021). Therefore, rapid transport of air masses from this region led

to elevated isoprene levels over the coastal Bay of Bengal.

Despite relatively elevated Chl-a concentrations, lower isoprene mixing
ratios (< 0.6 ppb) over the coastal waters (82-84°E) along T2 coincided
with the higher SST (> 31°C) and salinity (> 33.5). Ooki et al. (2015) have
reported elevated seawater isoprene concentrations (29-75 pmol/L) in the
eutrophic tropical Indian Ocean (10°N-12°S), including the southern Bay
of Bengal, in the KH-09-5 campaign during November 2009 to January
2010. A satellite-based study by Zhang and Gu (2022) has reported a
negative correlation between marine isoprene emission flux and SST in
tropical oceans. Simé et al. (2022) have reported an exponential increase
in isoprene production between —0.8°C and 23°C, but a drastic drop at
higher SST. Further, the decrease in marine isoprene emission from the
productive and warm coastal waters could be explained by a substantial
chemical and biological consumption of isoprene in seawater (Simé et al.,
2022). In fact, the isoprene consumption rates in Chl-a rich surface waters
have been similar to or greater than ventilation rates to the atmosphere.
Thus, the lower isoprene mixing ratios in the coastal Bay of Bengal during
the T2 transect could be due to the lower terrestrial inputs and lesser
marine fluxes. Moreover, the measurements of isoprene along T2 were in-
fluenced mainly by the NW-NE winds ( 7.1d), influenced by the air masses
with lower 6. and long-range transport from the less productive open ocean

regions of the Indian Ocean.
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7.3.4 Contributions of surface oceanic processes and terrestrial
outflow

In addition to meteorological and photochemical processes, the temporal and
spatial variations of biological and physical parameters in the sea surface
drive the air-sea exchange of isoprene in the MBL (Zhang and Gu, 2022).
As shown in Figure 7.7, the isoprene mixing ratio along T1 exhibits an
increasing trend with SST, with significant enhancements with just ~ 1°C
(30 to 31°C) rise in SST. The sharp increases in isoprene mixing ratio
(0.88 to 1.0 ppb) and Isoyc on the evening of 26 September were associated
with a sudden increase in salinity from 30.2 to 32.3 ( 7.2a). However,
the isoprene mixing ratio does not show a clear relation with a significant
change in salinity from 30.7 to 33.7.

Although noticed clearly along T1, the isoprene mixing ratio shows
increasing trends with the air temperature (26—29°C) associated with de-
creasing RH levels throughout the campaign (Figure 7.7c¢). The Isovc
levels also increased rapidly with the increasing ambient air temperature,
particularly along T1 (Figure 7.8a). The exponential response of Isoyc to
increasing air temperature in the present study resembles the temperature-
dependent emission of isoprene from terrestrial vegetation in the tropics
(e.g., Kalogridis et al., 2014; Sahu et al., 2017), providing evidence of the
transport from terrestrial biogenic sources. Except for a few points, the
relations of the isoprene mixing ratio with SST, Chl-a, and salinity appear
coincidental, as the terrestrial outflow influenced the measurements over
the coastal productive water during this transect (T1). Therefore, instead of
marine emissions, the dominance of terrestrial outflow controls the longitu-
dinal variations of isoprene along T1. A recent study by Wang et al. (2024)
has reported the contributions of oceanic emissions and terrestrial outflows
to the atmospheric concentrations of various NMHCs, including isoprene, in

the marginal seas of China. The findings indicate that terrestrial outflows

148



(a)

c Onward © )
1.1 e Return oo © 8 =
— Linear fit (Onward) , i) £
o 1.0 ) s =
Q. e 8
Q. 4
‘q'; 0.9 019 g) éco%o 4 g
c ® 2o bl bl
QL 0.8+ 2 €
% ot 0 s
© 0.7 [ 3
/. o
0.6
29.5 30.0 30.5 31.0 31.5
(b) SST (°C)
S
4 O Onward 1) ) _
11 e Retun 6 o9 C_ca ° o Cé?
> o8 © o
= 1.0- cHCn n
o S P X PGk
Q © © coCo % SN
Soste o o0
[ = O
O 0.8-
Q Py
2 07 o »
L/ )
0.6 1
31.0 31.5 32.0 325 33.0 33.5
(c) Salinity (psu)
114 © Onward
. ® Return 79 80 8 90 95 00
O o
3 1.0 RH (%) a_ oR0@ Dg_h—i];?
gog- Ue "ritB 28 opm O
. oy es: - S m]
2 RO
O 0.8 ° - “m
8' ° ° ¢
® 0.7 ° o.: .
L4 r
06 o ¢ 8 > ule
24 25 26 27 28 29

Air Temperature (°C)

Chapter 7

Figure 7.7: The dependencies of the isoprene mixing ratio with (a) SST,
(¢c) air temperature along the onward (T1) and return
(T2) longitudinal transects over the Bay of Bengal during September-October

(b) salinity, and

2021.

significantly influence the variability of atmospheric NMHCs, responsible

for 69.6% of the alkenes and isoprene observed in this region.

The enhanced isoprene concentrations along T2 over the open ocean

were associated with the lower Chl-a (< 0.1 mg m~?) and higher salinity

(> 32.7) values.

In contrast, relatively lower isoprene mixing ratios were

associated with higher SST (> 30°C) and lower salinity (< 32.6) values.

However, the data points with lower isoprene concentrations were measured

in biologically productive (Chl-a: 0.15-0.22 mg m3) near the coastal regions

(82-84°E). The isoprene mixing ratio along T2 decreased exponentially
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with the increasing Chl-a concentration (Figure 7.8b). This relationship
with Chl-a further validates the substantial role of chemical and biological
consumption of isoprene in seawater (Acuna Alvarez et al., 2009; Simé et
al., 2022), confirming the lower marine isoprene emission over productive
surface coastal waters along T2.

Overall, the contrasting relations of the isoprene mixing ratios with
oceanic parameters along T1 and T2 highlight the complex interplay of

air-sea exchange processes and terrestrial outflow.
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Figure 7.8: The relations of (a) VC-normalized isoprene (Isoyc) mixing ratio
with air temperature and (b) isoprene mixing ratio with Chl-a concentration
along the onward and return longitudinal transects over the Bay of Bengal
during September-October 2021. The black curve in panel (a) shows an
exponential fit of all data points. The dotted curves in panel (b) show linear
and exponential fits along the onward and return longitudinal transects,
respectively.

7.4 Conclusion

The longitudinal dependence of atmospheric isoprene over the central Bay
of Bengal can be described by a decrease from coastal India to open ocean
during the west-east (1.15-0.88 ppb) transect, but a decrease from open
ocean towards the coast during the east-west (0.86-0.55 ppb) transect.
The higher and lower isoprene mixing ratios in the MBL of the Bay of
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Bengal in the post-monsoon season were associated with the measurements
of terrestrial outflow and marine air masses, respectively. In addition to
the transport of distinct air masses from peninsular India and cleaner
marine regions, the complex interplay of air-sea exchange and fluctuations
in sea surface physical and meteorological factors controlled the short-
term variations of isoprene in the MBL. The composite diurnal pattern of
isoprene mixing ratio in the Bay of Bengal shows higher values in the
early morning hours and declines during the daytime, with the lowest in
the afternoon, indicating the significance of OH oxidation loss. However,
the photo-production of isoprene at the SML is a prominent source in the
open ocean Arabian Sea.

Except for certain locations, the impact of air-sea exchange on isoprene
variability linked to biogeochemical processes appears to be a minor factor
due to the high background concentrations caused by the dominance of
terrestrial outflow. VC-normalized isoprene mixing ratios tend to show an
exponential increase with increasing air temperature in the MBL, resem-
bling the temperature-dependent emission from terrestrial vegetation in the
tropics. Along with the relation between Isoyc and air temperature, the
back trajectory analysis also supports significant contributions of isoprene
from terrestrial sources. However, the decrease in isoprene concentrations
with Chl-a during the transport of oceanic air over the productive (Chl-a
>0.20 mg m~3) and warmer (SST > 31°C) surface coastal waters indicates
a substantial chemical and biological consumption of isoprene in seawater.

The contributions of terrestrial outflow can vary significantly as the
regions of the northern Indian Ocean experience strong seasonal changes
in wind circulation. Further, seasonal variations in SST, salinity, and Chl-
a can have a substantial impact on the air-sea exchange of isoprene and
other oceanic trace gases. Therefore, the key factors governing the level
and variability of reactive trace gases in the MBL of the northern Indian
Ocean need a detailed evaluation based on comprehensive measurements

in different seasons.
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Summary and Scope of Future

Research

8.1 Summary

This thesis presents a comprehensive analysis of the first high time-
resolution in situ shipborne measurements of atmospheric DMS and iso-
prene mixing ratios over different basins of the northern Indian Ocean,
including the Arabian Sea, the Bay of Bengal, the Andaman Sea, the Lac-
cadive Sea, and the coastal waters of Sri Lanka, during the post-monsoon
season. The measurements were conducted during two ship campaigns on-
board ORV Sagar Kanya, SK#373 and SK#374, in the eastern and western
basins of the northern Indian Ocean, respectively. Using state-of-the-art
TD-GC-FPD/FID-based analyzers, continuous measurements of DMS, C,—Cg
NMHCs, and C4—C;» NMHCs were performed at a resolution of 24, 30,
and 40 min, respectively. The data were analysed to investigate the spa-
tiotemporal distributions of DMS and isoprene in the MBL of the northern
Indian Ocean, and the role of oceanic and meteorological variables in their
variability.

DMS mixing ratios exhibited large spatial and temporal variability
across the different oceanic regions, which were more pronounced over

coastal waters compared to the open ocean. The highest DMS concen-
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trations were observed over the highly productive waters of the Ara-
bian Sea, with a regional mean of 116+120 ppt. The DMS flux of
10.9+7.3 umol m2? d~! estimated over the Arabian Sea was also sub-
stantially higher than 4.9+3.2 umol m=2 d~! over the Bay of Bengal.
In contrast, isoprene mixing ratios in the MBL of the Bay of Bengal
(0.82+0.15 ppb) were nearly twice as high as those measured over the
Arabian Sea (0.44+0.08 ppb). Notably, the factors and processes controlling
the day-to-day and diurnal variability of atmospheric DMS (Table 8.1) and

isoprene show distinct regional differences.

In the Arabian Sea, the DMS mixing ratios in the southeast (98+87 ppt)
and northeast (116+120 ppt) coastal regions were higher than in the olig-
otrophic central Arabian Sea (62+53 ppt). Regions with higher Chl-a
concentration typically showed enhanced DMS mixing ratios attributed to
high biomass abundance and phytoplankton metabolic activity. Episodes
of sudden increases in DMS were often associated with salinity gradients
of -0.3 to +0.2 hr! and SST fluctuations, indicating that salinity fronts,
localized upwelling, and surface-overturing processes played crucial roles in

modulating DMS levels.

DMS mixing ratios were higher along the east-west (103+37 ppt) longi-
tudinal transect than the west-east (77+24 ppt) longitudinal transect over
the Bay of Bengal. This distinct longitudinal variability was driven by
the predominance of air masses from continental and productive oceanic
regions, respectively, supported by chlorophyll exposure (E,) values. Atmo-
spheric instabilities such as downdraft events played a significant role in
the short-term variability of DMS over the region. Despite a relatively lower
DMS background (~47 ppt) and E, (<0.5 mg m—3), higher mean DMS over
the Andaman Sea suggests significant influence of strong localized sources.
In the Andaman Sea, the higher mean DMS mixing ratios of ~112+68 ppt
were found to be significantly influenced by emissions from coral reefs of

the Andaman Islands and benthic corals of the Invisible Bank, particularly
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during low tide. DMS enhancements from coral reefs increased with wind
speed and under higher SST conditions. A flux of ~0.5 ymol m~2 hr~! was
estimated for coral reef emissions, extrapolated into an annual regional

sulfur emission of ~1.43 Gg S yr—'.

However, underrepresented in global
models, the findings of our study highlight that the coral reef emissions
can potentially be an important source of sulfur in the tropical Indian
Ocean. The estimated DMS air-sea fluxes over the Arabian Sea and Bay

of Bengal were considerably higher than the last reported fluxes over the

region, about two decades ago.

The diurnal patterns of DMS showed distinct regional characteristics
over the oligotrophic open ocean waters of the central Arabian Sea and
Bay of Bengal, and productive coastal and offshore waters. Despite distinct
regional features, the impact of OH-driven daytime oxidation on DMS
variability was consistent over all the study regions covered during the
campaigns. However, the nighttime chemistry varied significantly based on
the continental influence. Transport of polluted continental air introduced
high NO, environments that enhanced DMS-NO; chemistry at night in
coastal regions. In addition, the transport of more reactive terrestrial
VOCs in continental outflow impacted the DMS oxidation rates, especially
in the northeast Arabian Sea and the Laccadive Sea. Nighttime DMS
enhancements in open ocean and offshore waters of the Arabian Sea and
Laccadive Sea were also associated with accumulation under low ventilation

conditions.

In addition to that, nutrients and flow cytometry data indicated that the
variability in DMS was also linked to nutrient dynamics. In the Arabian
Sea, higher DMS levels were measured in the nitrate-limited environments.
In the Bay of Bengal, a positive relationship between DMS levels and
Synechococcus, observed essentially under high silicate conditions in the
Bay of Bengal, indicates the complex impact of picophytoplankton and

diatom abundances on DMS fluxes and atmospheric levels.
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The DMS levels and variability patterns over the coastal waters of
the Indian subcontinent exhibit higher dependence on dilution and wind
conditions than on biomass abundance. The higher (113+37 ppt) and lower
(53+7 ppt) DMS levels measured over the east coast of Sri Lanka and
Laccadive Sea were due to the dominance of marine and continentally-
influenced air masses, respectively. Analysis of tide height data shows
substantial DMS enhancements (>200 ppt) due to stress-induced coral
reef emissions at higher SST over northeast Sri Lanka and southwest
India. Analysis of simultaneously measured DMS and isoprene mixing
ratios reveals complex chemical interactions over the coastal region of the
Indian subcontinent. Under the influence of continental outflow, isoprene
reactivity (1+0.1 s~!) far exceeded that of DMS (0.01+0.002 s~!), potentially
modulating the oxidation capacity of the coastal marine atmosphere. The
interaction between terrestrial BVOCs and DMS could alter the aerosol
chemical composition and CCN properties in the MBL. Previous studies
have shown that the presence of DMS can enhance secondary organic

aerosol (SOA) yields from isoprene.

The investigations of the first high-time-resolution measurements of iso-
prene mixing ratios over the Bay of Bengal and Arabian Sea suggest a
strong interplay of terrestrial outflow and oceanic emissions in driving the
atmospheric isoprene variability over the northern Indian Ocean. Over the
Bay of Bengal, the decreasing west-east (1.15-0.88 ppb) and east-west (0.86-
0.55 ppb) longitudinal trends were associated with the dominance of land-
influenced and oceanic air masses, respectively. The ventilation-normalized
isoprene data during the west-east longitudinal transect increased exponen-
tially with the increasing air temperature, resembling terrestrial vegetation
emission patterns. This highlights that while marine sources of isoprene
exist, terrestrial outflow from the Indian subcontinent was the major con-
tributor of isoprene in the MBL of the Bay of Bengal. A decrease in

isoprene levels with increasing Chl-a during the east-west longitudinal
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transect suggested microbial or photochemical consumption of isoprene in

seawater.

Table 8.1: The key parameters controlling the variability of the atmospheric
DMS over different basins of the northern Indian Ocean.

Arabian Sea

Bay of Bengal

Andaman Sea

Southern coastal
waters of the
Indian

sub-continent

Processes controlling regional (synoptic)-scale variability

¢ Local
biogeochemistry,
particularly Chl-a,
was a prominent
factor, with a
regional impact of
air mass
transport.

¢ Dilution in
open and offshore

waters

* Air mass
transport (E,) was
the major factor

¢ Dilution in

coastal waters

¢ Influence of
emissions from
coral reefs around
the Andaman

Islands

¢ Atmospheric
dilution by
terrestrial outflow
¢ Influence of
emissions from
coral reefs under

thermal stress

Processes controlling mesoscale and

short-term variability

e Salinity
gradients

¢ Atmospheric
instabilities such
as convective

downdraft events

¢ Atmospheric
instabilities such
as downdraft

events

¢ Atmospheric
chemistry
modulated by

terrestrial outflow

Biogeochemical factors

¢ Nutrient stress:
Nitrate limitation

e DMS levels
increased with
diatoms &
pico-phytoplankton

e DMS levels
increased with
diatoms &
pico-phytoplankton

¢ Dinoflagellate
K. mikimotoi in
estuarine and

coastal waters off

emissions ~ 0.5

abundance abundance the Kerala coast
could have led to
DMS enhancement
Air Sea flux (umol m? d)
~10.9£7.3 ~4.9+43.2 Coral reef
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8.2 Scope of Future Research

The findings of this thesis provide important advances in our understanding
of sources and atmospheric processes controlling the levels and variability
of DMS and isoprene in the marine air of the northern Indian Ocean.

However, they also open up multiple critical avenues for future research:

1. Role of atmospheric DMS in CCN formation and regional chemistry-

climate interactions over the northern Indian Ocean

Our findings present the imperative for future research investigat-
ing the impact of the elevated atmospheric DMS concentrations over
the northern Indian Ocean on the formation of secondary aerosols and
CCN activity. As oxidation of DMS is a major natural source of sulfate
aerosols, it can substantially modulate cloud microphysical properties
and alter the regional radiative balance and climate of the region.
These first in situ measurements provide a unique opportunity to
investigate how regional DMS variability translates into CCN produc-
tion and cloud characteristics, an area still under-sampled and largely
unexplored in the Indian Ocean. Comprehensive future work integrat-
ing experimental campaigns and modelling is essential for quantifying
these effects and enhancing our understanding of chemistry-climate
feedbacks over the northern Indian Ocean and surrounding regions,
particularly concerning the regional climate response and monsoon

behaviour.

2. Marine isoprene flux and implications for atmospheric chem-
istry
The observed elevated isoprene levels over the northern Indian Ocean
raise important questions about their sources and impact. Future
studies should prioritize quantifying the contributions of air-sea fluxes

of isoprene, which would require measurement of its concentration in
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seawater combined with other flux estimation techniques. Addition-
ally, given its high reaction rates with major atmospheric oxidants
(OH and NO3) and its potential to drive secondary aerosol formation,
investigating the influence of elevated isoprene levels on the marine
atmospheric oxidation capacity is crucial to determine their influence
on the aerosol budget.

Moreover, the transport of terrestrial air masses, particularly from
the Indian subcontinent, may profoundly impact the composition and
chemical processes of reactive trace gases in the MBL. The measure-
ments and detailed modelling studies characterizing these interactions
will advance our understanding of the complex couplings between con-
tinental outflow and marine atmospheric chemistry in the land-locked

basins of the northern Indian Ocean.

. Seasonal and interannual variability

This study has focused on investigating the sources and atmospheric
processes controlling the variability features of DMS and isoprene in
the post-monsoon season of 2021. However, studies conducted during
BOBMEX-1998 and INDOEX-1999 experiments showed large seasonal
variability in DMS seawater concentrations. Therefore, seasonal obser-
vations of these important trace gases are essential to estimate their
annual emissions. Additionally, the higher DMS flux estimated in the
present study compared to the observations during previous campaigns
highlights the need for long-term measurements of DMS and other

BVOCs to assess the potential changes in response to climate change.

. Augmentation with satellite data and improved regional param-
eterizations

The overestimation of oceanic DMS in the Indian Ocean region through
global parameterization schemes observed in our study suggests the

requirement of region-specific parameterizations accounting for local
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wind regimes, sea state, SST, and biological activity, and other im-
portant factors. This requires integration of high-resolution in situ
data and satellite-derived parameters (e.g., SST, Chl-a, aerosol optical
depth) in regional chemistry-climate models to improve simulations of

DMS and isoprene emissions and their climate feedbacks.

5. Seawater measurements and the role of Phytoplankton Com-
munity composition in BVOC emissions in the northern Indian
Ocean
Although DMS and isoprene emissions are linked to phytoplankton
productivity, the lack of concurrent seawater measurements limits our
ability to determine the specific contributions of different phytoplank-
ton groups, such as diatoms, dinoflagellates, and coccolithophores, in
the northern Indian Ocean. Future research integrating seawater mea-
surements of DMS with pigment analysis and flow cytometry can help
examine the DMS emission potentials from different phytoplankton

functional groups under varying nutrient regimes.

6. Coral reef DMS emissions under a changing climate
The substantial DMS emissions from coral reefs highlight the need
for focused studies to examine the impact of bleaching events and
ocean warming on DMS emissions from reef ecosystems. This is
particularly crucial to assess their contribution to non-sea-salt sulfate

aerosol (nss-SO7”) formation under climate change scenarios.

Thus, this research highlights important knowledge gaps and suggests
several directions for future research to advance our understanding of the
effect of marine DMS and BVOCs on the atmospheric processes and regional

climate over the northern Indian Ocean.
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