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ABSTRACT

The Arabian Sea is a highly productive tropical ecosystem of the Indian Ocean that supports high fluxes of
particulate organic carbon to the mesopelagic zone from two distinct periods of elevated biological productivity
associated with the semiannual reversals of the monsoonal wind system. There are now strong indications that
the Arabian Sea’s monsoonal wind patterns and hydrographic conditions are being impacted by long-term
temperature increases, but the consequences of these changes on primary production and carbon export to the
mesopelagic zone are unknown. This is especially true for the summer monsoon period when cloud cover ob-
scures much of the Arabian Sea basin and therefore precludes remotely sensed ocean color measurements for
estimating phytoplankton biomass and productivity. Here we overcome this limitation by using a database of
bio-optical profiles from Biogeochemical Argo floats collected over the last decade to evaluate the impact of
interannual temperature increases on Arabian Sea primary production and carbon export. We classify individual
years of float observations based on the spatial extent of the Arabian Sea Mini Warm Pool that appears in the
southeast Arabian Sea before the onset of the summer monsoon. This Mini Warm Pool, which begins to build in
winter and collapses with the onset of the summer monsoon in late spring, has gained considerable interest on
account of its influence on the timing of the onset of the summer monsoon. We observed a 35 percent decrease in
primary production during the summer monsoon phytoplankton bloom in strong warm pool years, and a 13
percent decrease in particle stocks in the upper mesopelagic zone following the peak of the bloom. Decreases in
production and export were additionally accompanied by a decrease in average particle size, indicating a shift
from larger cells like diatoms that appear from fertilization of the oligotrophic waters to smaller phytoplankton
size classes in response to a deepening of the thermocline and increased stratification of the water column. These
results suggest changes in phytoplankton community structure and further decreases in primary production and
carbon export in the Arabian Sea in response to future warming.

1. Introduction

delivering nutrient-rich water to the surface that support extensive
phytoplankton blooms throughout the western Arabian Sea (Currie

The Arabian Sea is one of the most biologically productive regions of
the ocean, supporting global maximal fluxes of particulate organic car-
bon (POC) to the mesopelagic zone (Nair et al., 1989; Haake et al., 1993;
Goes et al., 2005; Honjo et al., 2008). Phytoplankton primary produc-
tion and the functioning of the biological carbon pump in the Arabian
Sea are strongly influenced by the seasonally reversing winds of the
Asian Monsoon and the resulting changes in near-surface hydrology
(Nair et al., 1989; Haake et al., 1993; Ramaswamy and Nair, 1994).
During June and July, winds propagating from the southwest drive
extensive upwelling along the Somali, Yemeni and Omani coasts,

et al., 1973; Bauer et al., 1991). During December and January, winds
propagating from the Himalayan Mountain Range in the northeast drive
surface cooling, resulting in increased vertical mixing (Banse and
McClain, 1986). These monsoon periods are punctuated by inter-
monsoon periods of reduced wind stress, enhanced warming coupled
with strong stratification of surface waters, and the formation of deep
chlorophyll maxima following the depletion of surface nutrients.

One of the main features in Arabian Sea hydrology is the annual
formation of the Arabian Sea Mini Warm Pool (ASMWP; see Table 1 for a
list of abbreviations used in this study), a region of elevated sea surface
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Table 1
Abbreviations usedin this study.

Abbr Definition Units

ASMWP Arabian Sea Mini Warm Pool

bp Backscatter m?!

BVFmip Brunt-Vaisala Frequency at the mixed layer depth st

[Chla] Chlorophyll a concentration mg m~3

[Chla]gz Average [Chla] within the euphotic zone mg m?

dm, Average particle diameter within the mixed layer pm

DMIgm Dipole Mode Index during preceding FIM period m

EZ Euphotic Zone depth horizon m

FIM Fall Intermonsoon

MLD Mixed Layer Depth m?

MZ; 4 Mesopelagic zone depth horizons 1-4 m

NEM Northeast Monsoon

NPPg; Net primary production within the euphotic zone mg Cm 2
4!

OMZ Oxygen Minimum Zone

SIM Spring Intermonsoon

strl, Stratification Index kgm3

SWM Southwest Monsoon

TCline Thermocline Depth m

WINgm Western Indian Ocean SST anomaly during preceding °C

FIM period
WPinp Average normalized warm pool index

temperature (SST) off the southwest coast of India that reaches its
maximal areal extent during the spring intermonsoon period between
April and May and collapses with the onset of the Indian summer
monsoon (Rao et al., 2015). The magnitude of the ASMWP has been
identified as one of the key factors influencing the timing of the
monsoon onset (Rao and Sivakumar, 1999; Deepa et al., 2012) and
summer monsoon rainfall over India (Neema et al., 2012). In addition to
the maximum solar radiation, the clear sky and weaker winds in spring
which give rise to the mini warm pool, intrusion of the low saline waters
from the Bay of Bengal during late fall and winter create a vertical
barrier layer that is also believed to contribute to the existence of the
ASMWP (Masson et al., 2005).

An increase in the ASMWP extent generally leads to a larger area of
the southwestern Arabian Sea becoming stratified (Neema et al., 2012),
which could limit production by inhibiting water column turbulence and
vertical fluxes of nutrients into the euphotic zone during the spring
intermonsoon (SIM) and southwest monsoon (SWM) periods. However,
it has been challenging to study the impact of the ASMWP extent on
phytoplankton productivity and export, in large part because of the
limited availability of contemporary in-situ datasets. Additionally the
build-up of clouds prior to and following the onset of the SWM limits the
ability of ocean color satellites to provide measurements of phyto-
plankton biomass and productivity from space.

Here to circumvent the limitations imposed by the paucity of ship-
board and satellite datasets, we have relied on the Biogeochemical Argo
(BGC-Argo; Argo, 2024) network of autonomous profiling floats to un-
derstand the role of the ASMWP on phytoplankton productivity and
carbon export of which very little is known. This dataset provides a rich
time series of hundreds of depth profiles of bio-optical and biogeo-
chemical measurements made over the last ten years in the Arabian Sea,
thus allowing new perspectives on interannual variability in ecosystem
response to climate forcing.

In this study, we have taken advantage of this vast repository of data
from BGC-Argo floats, in combination with data from remote sensing
platforms, to evaluate the impact of ASMWP extent on seasonality in
primary production and carbon export within open-ocean regions of the
Arabian Sea. We have also evaluated the hydrological and biogeo-
chemical drivers of this production and the associated particle dynamics
within the mesopelagic zone including the Arabian Sea Oxygen Mini-
mum Zone (OMZ), the thickest OMZ in the global ocean (Rixen et al.,
2020). Additionally, we evaluate relationships between the Warm Pool
extent and the functioning of the Indian Ocean Dipole (I0D), which can
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contribute to elevated SST anomalies in the Western Indian Ocean
during September-November and may play a role in ASMWP formation.
Beyond capturing relationships between phytoplankton ecophysiology
and Arabian Sea hydrology, our results highlight the possibility of
continued decreases in primary production and carbon in the region in
response to future warming.

2. Methods
2.1. Data sources

The study region was defined as the area within 5°N — 26°N and 50°E
— 80°E, and excluding the marginal Gulf of Aden and the Sea of Oman.
Daily SST measurements for the years 2002-2022 were obtained from
the Group for High Resolution Sea Surface Temperature (GHRSST)
Multiscale Ultrahigh Resolution (MUR) L4 dataset (NASA/JPL, 2022).
Measurements of daily averaged surface photosynthetically active ra-
diation (Ip; mol photon m 2 day’l) were obtained from The Suomi
National Polar-orbiting Partnership Visible Infrared Imaging Radiom-
eter Suite (SNPP-VIIRS; NASA Ocean Biology Processing Group, 2022).
On account of the significant role played by the Indian Ocean Dipole on
hydrographic conditions in the Arabian Sea, we obtained Dipole Mode
Index data and SST anomalies for the Western Indian Ocean from the
National Oceanic and Atmospheric Administration’s Global Climate
Observing System Working Group on Surface Pressure (https://psl.noaa.
gov/gcos_ wgsp/Timeseries/DMI/). Measurements of monthly averaged
wind stress magnitude (Wind Stress; pa) were obtained from the Mete-
orological Operational Satellite (METOP) Advanced Scatterometer
(ASCAT; NOAA, 2024). Level 4 measurements of sea surface height
anomalies (SSHA; m) were obtained from the NASA Making Earth Sys-
tem Data Records for Use in Research Environments (MEaSUREs) proj-
ect (Fournier et al., 2022). SSHA measurements from pixels near the
Omani, Somali, and Western Indian Coasts were classified as belonging
to upwelling regions (Supplementary Fig. 1). SSHA measurements from
pixels within the overall study area, excluding upwelling regions, were
classified as belonging to the Central Basin.

BGC-Argo float data were accessed through the Argo Global Data
Assembly Centre (Argo, 2024). Hydrological data (e.g., temperature,
practical salinity, and density) collected by SBE 41 Seabird CTD sensors
were processed and quality-controlled following Argo protocols as
described by Wong et al. (2020). Floats were additionally equipped with
1) Seabird-Wetlabs FLBB sensors including a chlorophyll fluorometer
(excitation at 470 nm; emission at 695 nm) and a backscattering sensor
at 700 nm, and 2) Aanderaa Oxygen Optodes measuring concentrations
of dissolved oxygen. Measurements of Chlorophyll a ([Chla] mg m™3),
optical backscatter (bpp; m™ 1), and dissolved oxygen (O; pmol kg™?)
were quality controlled following BGC-Argo protocols (Thierry et al.,
2011; Schmechtig et al., 2015, 2018a, 2018b). Non-photochemical
quenching in near-surface measurements of [Chla] was corrected
following Xing et al. (2012). Drift in the sensitivity of oxygen optode
sensors and differences in sensor gain settings between floats were
corrected during delayed-mode processing as described in Thierry et al.
(2021).

2.2. Classification of SST time series

Individual dates within the MUR SST dataset were classified as
belonging to one of the four periods of the Asian monsoon cycle:
Northeast Monsoon (NEM; named for winds propagating from the
northeast), Spring Intermonsoon (SIM), Southwest monsoon (SWM;
named for winds propagating from the southwest), or Fall Intermonsoon
(FIM). For NEM and SWM, classifications were performed by identifying
the minimal average daily SST value within December, February, and
March (for NEM) or June, July, and August (for SWM). For SIM and FIM,
classifications were performed by identifying the maximal average daily
SST value within March, April, and May (for SIM) or September,
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October, and November (for FIM). The start/end dates of each period
were then determined as the dates intermediate to the preceding and
subsequent maximum or minimum.

ASMWP extent was evaluated following the method described in Rao
et al. (2015). Briefly, the ASMWP index was calculated from daily MUR
SST data as the spatial integral of the difference between SST and 30 °C
within —10°N - 26°N and 50°E — 80°E. To account for differences in the
resolution of satellite images or the degree of cloud cover, ASMWP Index
values were then normalized to the total number of
measurement-containing pixels within the study area. Normalized
ASMWP Index values were then averaged within the SIM period for each
year (hereafter WPyp). Finally, the mean and standard deviation of
WPp were calculated for all years in the MUR SST time series
(2002-2022). Years with WPyyp values within 0.5 standard deviations of
the mean were classified as normal warm pool years. Years with WPyp
values exceeding greater or less than 0.5 standard deviations of the
mean were classified as strong warm pool years or weak warm pool
years, respectively. However, because this method only resulted in one
weak warm pool year within the date range of the float dataset, our
analysis focuses only on contrasts between years from normal and strong
warm pool regimes.

NEM
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2.3. Processing of float data

2.3.1. Construction of float dataset

Only [Chla], byp, and O, measurements with delayed mode quality
control flags of 1 (good data) or 2 (probably good data) were included in
the analyses. Profiles with average [O2] of less than 4 pM between 200
and 300 m were defined as being located within the core OMZ, following
Wojtasiewicz et al. (2020). Profiles outside of the core OMZ were
excluded from analyses. This filtering step provided a final dataset of
1502 individual profiles from 24 floats deployed between the years 2013
and 2022 (Fig. 1; Table 2).

2.3.2. Characterization of water column hydrology and biogeochemistry
Mixed layer depths were calculated as the depth where practical
density increased by 0.03 kg m > relative to the density at a reference
depth of 10 m. To characterize stratification in the water column, the
stratification index (strl;) was calculated as the difference in potential
density between the surface and a depth of 200 m (Behrenfeld et al.,
2006). The Brunt Vaiséla frequency was additionally calculated at the
depth of the MLD (BVFyp) to characterize stratification at the mixed
layer boundary. To calculate the thermocline depth, temperature pro-
files were interpolated to 1 m resolution. Rolling regressions were then

SIM

25 4

20+

154

10 1

SWM

FIM

25 4

20
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10 1
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Fig. 1. Distribution of float profiles (deployed between the years 2013 and 2022) included in analyses. Circular markers correspond to BGC-Argo profiles included in
analysis, grouped by normal (N, blue) and strong (S, orange) warm pool regimes. Square markers correspond to mean latitude and longitude for each warm pool
regime. Whiskers correspond to standard deviation of latitude and longitude for each warm pool regime.
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Table 2
Number of BGC-Argo profiles available in each year for BGC-Argo dataset used
in this study.

Regime Year N Total
N 2013 87 903
2014 154
2017 161
2018 232
2021 109
2022 160
S 2015 240 599
2016 197
2019 104
2020 58

performed on interpolated profiles within a moving 3 m window. The
thermocline depth was calculated as the depth with the minimum
regression slope (representing the depth where temperature decreased
the most rapidly).

2.3.3. Determination of average particle size
Average particle area was derived from by, measurements following
the method described by Briggs et al. (2013), using Eq. (1):

—  var(by, detrended) VvV 1
bbp = mean (byy) Qup (7)

As described in Rembauville et al. (2017), by, detrended was
calculated by applying an 11-point rolling median filter to by, mea-
surements and then subtracting the result from the original by, profile.
Var(by, detrended) corresponds to the variance of the detrended profile.
Mean (byp,) corresponds to the mean value of the original by, profile. V
corresponds to the sample volume (12.5 ml). Qppp corresponds to
backscattering efficiency (0.024). Alpha (0.0967) is a correction to
sample volume accounting for the movement of water. Average particle
diameter was then calculated as

iy =21/ Apppr? 2

To calculate average particle diameter within the mixed layer (dpy),
dpbp values were then averaged for measurements between 10 m and the
mixed layer depth.

@

2.3.4. Estimation of POC
POC was estimated from by, (measured at 700 nm) first by esti-
mating by, at 639 nm following Morel and Maritorena (2001):

639\ *
by, (639) = by, (700) <m> ©)

POC was then calculated following Balch et al. (2001) as

POC=*10,641 * by, (639)*7* 4)

2.3.5. Characterization of subsurface light field

Since no floats in the dataset were equipped with PAR sensors to
provide the underwater light field, PAR was estimated based on [Chla]
following Morel et al. (2007). For each profile, attenuation coefficients
for light at 490 nm were calculated from [Chla] measurements using the
formula

kdsoo = 0.0166 + a*[Chla)’ (5)

Following Cornec et al. (2021), coefficients a and b were defined as
0.0732 and 0.4412, respectively. Attenuation coefficients for PAR were
then calculated as

kdpar = 0.0665 + 0.874*kdago — (0.00121*kdse ') 6)
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The euphotic zone depth (EZ) was calculated as the depth where
kdpagr was first less than or equal to 0.1 (e.g., the depth where surface
irradiance was reduced to 0.1% of its surface value). A euphotic zone
boundary of 0.1% Iy was selected to fully capture the range of light levels
where photosynthetic growth might be expected to occur (Marra et al.,
2014), especially with the formation of deep chlorophyll maxima during
the SIM and FIM periods.

2.3.6. by, profiles and characterization of mesopelagic zone particle stocks

Since by, profiles are characterized by a distinct and persistent by,
minimum typically coincident with the upper boundary of the OMZ, the
mesopelagic zone was defined as the depth range between the by,
minimum and 1000 m. To further characterize variability in particle
stocks within this depth range, the mesopelagic zone was divided into
four equally-sized segments between the bp, minimum and 1000 m
(hereafter MZ; — MZ4). The mesopelagic by, maximum, corresponding to
denitrifying bacteria within the OMZ (Rasse et al., 2020), was typically
captured within MZ;. The frequency of large particles within the
mesopelagic zone was characterized following Rembauville et al.
(2017). Briefly, the number of mesopelagic by, measurements exceeding
0.001 m'! was summed and normalized to the number of total meso-
pelagic by, measurements. Measurements greater than 0.004 m™ were
interpreted as being attributable to large motile particles and excluded
from analysis.

2.3.7. Determination of net primary production

To integrate differences in [Chl], by, and PAR across strong and
normal warm pool regimes, we implemented the Carbon Based Pro-
ductivity Model (CbPM; Westberry et al., 2008) as described in Yang
et al. (2021), estimating net primary production as

NPP = Cphyto X U )
Where Cppyto corresponds to phytoplankton carbon (mg C m~%) and p
corresponds to phytoplankton specific growth rate (d1). Cphyto Was

calculated based on the empirical relationship presented in Graff et al.
(2015):

Conyo = 12128 x by, (470) + 0.59 ®

In calculating Cphyto, float measurements of by, (700) were converted
to by (470) following Morel and Maritorena (2001):

470\ !
by, (470) = by, (700) (m) ©)

Phytoplankton growth rates were calculated following Westberry
et al. (2008) as:
_ 2%Chl/Cphyo*(1 — %)
#=0.022 1 (0.045 — 0.022)%e "

10

Where I, (mol photon m2dhH corresponds to PAR at each depth (z) for
a given profile, calculated based on satellite measurements of Iy and
kdpag estimates from equation (2).

L =Ip*e s an

Individual [Chla] and by, profiles used to estimate NPP were
smoothed to remove spikes. Following Cornec et al. (2021), a 5-point
rolling median filter was applied to [Chla] profiles. For by, profiles, a
7-point rolling median filter was applied, followed by a 5-point rolling
mean filter.

2.4. Statistical methods

All statistical analyses were performed using R 4.0.2 in R Studio (R
Core Team, 2024). A summary of the vertical distribution of biogeo-
chemical and bio-optical variables, was obtained by vertically
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integrating measurements within MLD, EZ, and MZ; — MZ4 depth hori-
zons. Depth-integrated values for nutrient concentrations and
bio-optical parameters were then additionally normalized to the depth
of integration. Because most parameters in the dataset had skewed or
otherwise non-normal distributions, average values are reported as the
median with the bounds of the 95 percent confidence interval for the
median, calculated using the MedianCI function in the DescTools
package (Signorell et al., 2021). Hypothesis tests were performed using
the Wilcoxon Signed Rank Test, unless otherwise indicated. Original
least squares regressions were performed for all pairwise comparisons of
parameters. Model I linear regressions were performed when comparing
random variables to known values (e.g., months, Julian days). Model II
linear regressions were performed when comparing pairs of random
variables using the Imodel2 package (Legendre, 2018). A significance
threshold of p of 0.05 was used for all statistical tests.

3. Results
3.1. Long-term variability in ASMWP strength

Annual average ASMWP index values generally increased from 2002
to 2022, albeit with a large degree of interannual variability (Fig. 2).
Notably, WPyp was significantly higher between the years 2013-2022
(T-test; p = 0.02) than in earlier years (2003-2012). As noted in the
methods section, we focus on differences between normal and strong
warm pool years only. We observed six normal warm pool years and four
strong warm pool years for the period of study (2013-2022). WPnp
values were strongly correlated with average DMIgpy values (Fig. 3A; R2
=0.43, p = 0.002), as well as average SST anomalies within the Western
Indian Ocean (e.g., the region within 10°S — 10°N and 50°E — 70°E)
during the preceding FIM period (Fig. 3B; R2 = 0.74, p < 1 x 1077).
Within the study area, WPyp values were also strongly correlated with
average SST values during the NEM (R2 =0.61,p=4 x 10’5), SIM (R2
=0.99, p =4 x 107°?) and SWM (R? = 0.30, p < 0.01) periods of the
same year.

3.2. Seasonality in AS hydrology and biogeochemistry

Average SST values within the study area were characterized by a
bimodal seasonality, with annually maximal SST values occurring dur-
ing SIM and FIM and annually minimal SST values during NEM and
SWM. However, average SST values were significantly higher in strong
warm pool years for all months of the year (Fig. 4A). Values for strl;
generally correlated with SST, reaching maximal values during the SIM
and FIM periods and minimal values during NEM and SWM. As with SST,
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strl; values were significantly higher in strong warm pool years during
the NEM and SWM periods (Table 3). Basin-wide wind stress averages
reached maximal values during the SWM period (Fig. 4B), with normal
warm pool years being characterized by significantly elevated wind
stress values during June (p = 0.0003) and July (p = 0.004). Thermo-
cline depths were characterized by a relatively weak bimodal season-
ality, reaching local maxima during the SIM and FIM periods (Fig. 4C).
Sea surface height anomalies reached maximal values during the SIM
period irrespective of warm pool regime and were significantly elevated
in normal warm pool years for all months of the year, both when
considering upwelling regions or the central basin alone (p < 0.0001 for
all comparisons; Fig. 5).

Thermocline depths were significantly greater in normal warm pool
years throughout the year, with the exception of the SIM period
(Table 3). Seasonality in MLDs was largely similar across warm pool
regimes, with no significant differences across warm pool regime for any
period of the monsoon cycle (Table 3). Values for strl; were significantly
elevated for strong warm pool years during the NEM and SWM periods,
indicating enhanced water column stratification under strong warm
pool regimes (Table 3).

3.3. Trends in net primary production and mesopelagic particle stocks

Depth integrated estimates of euphotic zone NPP showed bimodal
seasonality, with maximal NPPgy values occurring in the NEM and SWM
periods when algal blooms develop (Table 4, Fig. 6A). However, NPPgz
was significantly lower in strong warm pool years compared to normal
warm pool years across all periods of the monsoon cycle (Table 4).
NPPgz was inversely correlated with for strl; overall (Fig. 7; r = —0.91;
p < 0.001) and during the NEM (r = —0.97; p < 0.001), SIM (r = —0.80;
p = 0.02), and SWM (r = —0.81; p < 0.001) periods. NPPgz was nega-
tively correlated with central basin SSHA during the SIM period (r =
—0.73, p = 0.04). NPPg; was additionally negatively correlated with
SSHA in upwelling regions alone during the SWM period (r = —0.87, p
= 0.003). No significant correlations were observed for comparisons of
NPPgz and MLD.

Particle stocks within the mesopelagic zone showed a unimodal in-
crease over the course of the year, with maximal values typically
occurring in August/September, especially in normal warm pool years
(Fig. 6A). Although there were no significant differences in particle
stocks when averaged across the entire mesopelagic zone, particle stocks
were significantly greater within MZ; and MZ, during SWM and FIM
periods in normal warm pool years (p < 0.001 for all comparisons).
Particle stocks were additionally significantly greater within MZ3 and
MZ4 during the FIM period in normal warm pool years (p < 0.02 for each
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Fig. 4. (A) Distribution of satellite measurements of sea surface temperature (SST) within the study region for weak (W), normal (N), and strong (S) warm pool years.
(B) Basin-wide wind stress magnitude averages over the central Arabian Sea for weak, normal, and strong warm pool years. (C) Float-based estimates of thermocline
depth for normal and strong warm pool years. X-axis text labels are centered on the median month of the Northeast Monsoon (NEM), Spring Intermonsoon (SIM),

Southwest Monsoon (SWM), and Fall Intermonsoon (FIM) periods.

comparison). The relative frequencies of large particles in the mesope-
lagic zone were significantly greater in normal warm pool years
compared to strong warm pool years in the SIM, SWM, and FIM periods
(Fig. 8B; p < 0.03 for all comparisons). Average particle sizes within the
mixed layer were characterized by bimodal seasonality, with average
particle sizes reaching maximal values during NEM and SWM periods
(Table 4, Fig. 8). However, seasonality in particle sizes were muted
during strong warm pool years, with particles being significantly smaller
in August compared to normal warm pool years (p = 0.006).

4. Discussion

Our results capture a major shift in phytoplankton ecophysiology
and carbon export in response to warming ocean temperatures within
the Arabian Sea. Strong warm pool years are characterized by a 35
percent reduction in euphotic zone NPP during the highly productive
SWM (Fig. 6A), and a 13 percent reduction in particle stocks within the
upper mesopelagic zone during the subsequent late SWM/early FIM
period (Fig. 6B). Correlations between WPyp and DMl capture a
strong connection between ASMWP formation and the strength of the
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Table 3

Median values of mixed layer depth (MLD) stratification index (strl;) and Brunt
Vaisala frequency at the depth of the MLD (BVFyyp) for normal (N) and strong
(S) warm pool years during northeast monsoon (NEM), spring intermonsoon
(SIM), southwest monsoon (SWM), and fall intermonsoon (FIM) periods. Upper
and lower bounds of 95 percent confidence intervals for each period of the
monsoon cycle and regime in parentheses. Asterisks indicate p-values for com-
parisons of parameter Values across warm pool regimes for a given period of the

monsoon cycle. *: < 0.05, **: <0.005.

TCline (m) MLD (m) strl, (kg m~%) BVFip x 10°
NEM (N) 80 (76-85)** 29.5(26-33) 2.1 (2-2.2)** 1.2 (1-1.4)**
NEM (S) 93.5 (86-97)**  32.5(26-40) 2.3 (2.2-2.6)**  0.77 (0.7-1)**
SIM (N) 90 (75-100) 19 (17-20) 3.2 (3-3.4) 2.21 (2-2.5)
SIM (S) 100 (85-110) 17 (15-19) 3.4 (3.1-3.6) 2.3 (1.9-2.7)
SWM (N) 65 (62-71)* 42 (39-46) 2.5 (2.5-2.6)* 1.05 (0.9-1.2)
SWM(S) 71 (66-76)* 41 (38-48) 2.7 (2.6-2.8)* 1.03 (0.9-1.1)
FIM (N) 61 (59-65)* 29 (25-32) 2.8 (2.7-2.9) 1.55 (1.2-1.9)
FIM (S) 70 (66-75)* 24 (22-30) 2.9 (2.8-3.1) 1.31 (1.1-1.7)

Indian Ocean Dipole, and suggest that positive IOD events in the fall
impact Arabian sea ecology and biogeochemistry not only during the
NEM phytoplankton bloom as has previously been reported (Sarma,
2006),

Reduced productivity during the SWM period of strong warm pool
years likely results from an intensification of downwelling within the
basin, as reflected by increased SSHA (Fig. 5) and deeper thermoclines
(Fig. 4). Because mixed layer depths are similar across warm pool re-
gimes, a deepening of the thermocline in strong warm pool years leads to
a thickening of the barrier layer (e.g., the layer between the base of the
mixed layer and the thermocline), inhibiting the resupply of nutrients to
the surface in strong warm pool years despite a similar degree of strat-
ification at the mixed layer boundary compared to normal warm pool
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Horizontal advection of upwelled nutrients has also previously been
identified as a key driver of phytoplankton productivity within the
Arabian Sea (Banse, 1987; Prasanna Kumar et al., 2000), and likely
contributes to the contrasts in productivity observed in our results. The
strong relationships between SSHA within upwelling regions and NPP
during the SWM period are especially striking, given the spatial sepa-
ration of the regions sampled in calculating either parameter and the
absence of similar relationships when considering the SSHA measure-
ments from the central basin alone. It is also worth noting that decreases
in SWM production during strong warm pool years could additionally be
caused by decreases in the availability of regenerated nutrients (Anju
et al., 2020) or iron (Naqvi et al., 2010; Guieu et al., 2019).

Observed decreases in average cell size during the peak of the sum-
mer monsoon period suggests that this decrease in production may be
attributable to a shift toward phytoplankton communities dominated by
smaller size classes during strong warm pool years. SWM phytoplankton
communities during strong warm pool years may consist primarily of
cyanobacteria, as was observed by Goes (unpublished results) during the
recently concluded Indo-US EKAMSAT monsoon study cruise of June

Table 4

Median values of bio-optical parameters and modeled net primary production
within the study area for normal (N) and strong (S) warm pool regimes for
Northeast Monsoon (NEM), Spring Intermonsoon (SIM), Southwest Monsoon
(SWM), and Fall Intermonsoon (FIM). Upper and lower bounds of 95 percent
confidence intervals for each period of the monsoon cycle and regime in pa-
rentheses. Asterisks indicate p-values for comparisons of parameter values
across warm pool regimes for a given period of the monsoon cycle. *: <0.05, **:
<0.005.

[Chlalgz (mg m~3) NPP (mg Cm 2d™!) dm (pm)

years. Indeed, Sarangi and Devi (2017) identified basin-scale inverse NEM (N) 0.22 (0.21-0.23) 1926 (1804-2080) 143 (128-166)
. . . . A NEM (S) 0.22 (0.21-0.23) 1727 (1435-1924) 168 (128-192)
relatlionshlps between SSHA and mt.rate con.centr.a.uons within the SIM (V) 0.17 (0.16-0.18) 737 (696.791) 88 (70-109)
Arabian Sea across 2014 and 2015, which were identified as normal and SIM (5) 0.17 (0.16-0.18) 632 (574-685) 118 (85-180)
strong warm pool years in our results, respectively. The thickening of the SWM (N) 0.19 (0.18-0.21) 1500 (1384-1713) 196 (154-206)
barrier layer could also inhibit cooling of surface waters (Masson et al., SWM (S) 0.18 (0.16-0.19) 1005 (917-1212) 148 (134-174)
2005), contributing to enhanced stratification of the water column and FIM (N) 0.19(0.19-0.2) 1262 (1148-1337) 108 (94-125)
. L . . FIM (S) 0.19 (0.17-0.2) 1089 (894-1233) 97 (83-115)
associated decreases in primary production (Fig. 7).
Upwelling
' H o8
—_ 02 -
E
< $
i
) 0.0 o.
n ' °
o =)
W
Central Basin - N
2 =
S
£ 0.1 °
T
) 1
0 0.0 L]
°

T T T T T T

1 2 3 4 5 6
NEM SIM

8 9 10 11 12
SWM FIM

Month

Fig. 5. Distribution of average sea surface height anomalies within central Arabian Sea basin (Central Basin) and within upwelling regions alone (Upwelling) for
weak (W), normal (N), and strong (S) warm pool years. X-axis text labels are centered on the median month of the Northeast Monsoon (NEM), Spring Intermonsoon

(SIM), Southwest Monsoon (SWM), and Fall Intermonsoon (FIM) periods.



N. Bock et al.

Deep-Sea Research Part I 214 (2024) 104406

A N s
s 2000
q
e
E
o 1000-
o
=z
500 -
8000 -
7000 -
C\IT\ /_/\/\/\
= — MZA1
o -
o 6000 - MZ2
= — MZ3
8 — Mz4
& 5000
4000

2 3456 7 8 9101112

—_

Month

2 34567 8 9101112

Fig. 6. (A) Monthly median depth-integrated NPP values within the euphotic zone (EZ) and (B) successive layers of the oxygen minimum zone (MZ; — MZ,4) across
normal (N) and strong (S) warm pool years. Shading corresponds to bounds of the 95 percent confidence interval of the median.

-0 NEM
o -0 SIM
-0 SWM
550 o -0 FIM

(0]
20004 ~ _
~ @]
'_A ~ ~
o 't ? 3%
(\Il 1500' ~O~
= S 4
-
: s
2 1000 s
~ o0
o
o
Z 500+
20 25

370 35

strl,, (kg m™®)

Fig. 7. Comparisons of monthly median stratification index values (strl;) and NPP. Dashed lines correspond to regressions comparing monthly averages for indi-
vidual periods of the monsoon cycle. Shading corresponds to 95% confidence intervals of regression parameters.

2023, which was during a strong warm pool year. By contrast, during
normal years SWM phytoplankton communities may be dominated by
larger diatom cells, which require higher nutrient concentrations and
are associated with lower sea surface temperatures within the Arabian
Sea (Chowdhury et al., 2021). While shifts in community structure have

been reported to occur in the Arabian Sea during the NEM period,
particularly in response to enhanced stratification and anoxic conditions
within the mixed layer (Goes et al., 2020), our results provide evidence
of a similar shift during the SWM period.

A shift toward smaller phytoplankton cell size distributions in strong
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Fig. 8. (A) Monthly median particle diameter within the mixed layer across normal (N) and strong (S) warm pool years. (B) Frequency of large particles across
normal (N) and strong (S) warm pool years. Shading corresponds to 95 percent confidence interval of the median.

warm pool years may also explain the associated decrease in particle
stocks within the upper mesopelagic zone during the late SWM/early
FIM period (Fig. 6), in addition to the decrease in the frequency of large
particles observed in the mesopelagic zone (Fig. 8B). Late SWM/early
FIM export pulses have been well documented in sediment trap studies,
and are generally ascribed to the sinking of particles generated during
the SWM phytoplankton bloom (Nair et al., 1989; Buesseler et al., 1998),
in particular diatoms (Barlow et al., 1999; Garrison et al., 2000;
Chowdhury et al., 2021). Garrison et al. (2000) specifically identified
correlations between diatom abundance and carbon fluxes during the
SWM period, while Haake et al. (1993) reported the export of biogenic
opal to peak in September, consistent with the peak in MZ; POC
observed in our results.

Time series of particle stocks within the mesopelagic zone (Fig. 6)
additionally highlight seasonal and interannual variability in relation-
ships between euphotic zone production and mesopelagic particle
stocks. While previous studies have reported only weak correlations
between particle stocks across the euphotic and mesopelagic zones
(Wojtasiewicz et al., 2020; Bock et al., 2022), our results suggest par-
ticles exported from the euphotic zone account for a significant fraction
of the overall by, signal in normal warm pool years, in particular during
the SWM period. However, this relationship could be obscured if the
interannual variability in warm pool extent or the approximate 1-month
time lag between the periods of maximal particle stocks in the euphotic
zone (July-August) and in the upper mesopelagic zone (August-Sep-
tember) is not taken into account.

5. Conclusion

These results suggest that the extent of the ASMWP exerts a strong
influence on primary production and particle export within the Central
Arabian Sea. Specifically, increased warm pool magnitude appears to be
associated with the intensification of downwelling and a subsequent
deepening of the thermocline during the SWM period, inhibiting the
supply of nutrients to the euphotic zone, potentially in response to
positive I0D events during the preceding fall. Decreases in primary
production during the SWM period specifically appear to be associated
with a shift toward phytoplankton communities dominated by small
cells, leading to a corresponding decrease in particle export to the
mesopelagic zone during the late SWM/early FIM period.

It is especially remarkable that these changes were associated with
relatively small differences in SST within the Arabian Sea. Indeed, the
observed 35 percent decrease in primary production during the SWM
period in strong warm pool years was associated with an average in-
crease in SST of only 0.05 °C during the preceding SIM period. Given the
estimated warming rate of 0.1 °C/decade within the AS (Roxy et al.,

2016) and the increased frequency of positive IOD years over the last 60
years (Cai et al., 2009), further temperature increases could have dra-
matic impacts on production and export within the basin, with impli-
cations for overall ecosystem health, the food web and functioning of the
biological carbon pump.
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