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Abstract: Multiple upwelling systems develop in the Indian Ocean during the summer monsoon.
The Sri Lanka dome (SLD), which occurs in the open ocean off the east coast of Sri Lanka from June
to September, is distinct from those near the coast. The SLD is characterized by uplifted thermocline
and increased chlorophyll concentration. Mechanisms of the upwelling and its biogeochemical
response are not well understood. Here, we explored the dynamics of the chlorophyll and sea-to-
air CO2 flux in the SLD using ocean color and altimetry remote sensing data, together with other
reanalysis products. We found that the occurrence of high chlorophyll concentration and sea-to-air
CO2 flux happens along the pathway of the southwest monsoon current (SMC). The annual cycle of
chlorophyll in the SLD has a one-month lag relative to that in the southern coast of Sri Lanka. The
positive wind stress curl that forms in the SLD during the summer does not fully explain the seasonal
chlorophyll maximum. Transport of the SMC, eddy activity, and associated frontal processes also
play an important role in regulating the variability in chlorophyll. In the SLD, upwelled subsurface
water has excess dissolved inorganic carbon (DIC) relative to the conventional Redfield ratio between
DIC and nutrients; thus, upwelling and sub-mesoscale processes determine this region to be a net
carbon source to the atmosphere.

Keywords: chlorophyll; air–sea CO2 flux; upwelling; Sri Lanka dome; southwestern Bay of Bengal

1. Introduction

The Indian Ocean has a unique land–sea distribution characterized by the vast land-
mass located to the north of the ocean. Differential heating of land and sea results in
a prominent monsoon climate [1,2]. The seasonal reversal of wind produces important
upwelling systems in several parts of the Indian Ocean boundaries ranging from the west
to the east [3,4] (Figure 1). The southwesterlies during boral summer are favorable for
upwelling along the western boundary of the Arabian Sea, near the coast of Somalia and
Oman [5–9]. In the eastern boundary of the Arabian Sea, the southwesterly winds turn
mainly into onshore equatorward winds along the southwest coast of India, generating
offshore Ekman transport and coastal upwelling [10,11]. In the eastern equatorial Indian
Ocean, the southeasterlies along the southern coast of Java and Sumatra islands induces
upwelling off the coast [12,13]. These boundary upwelling systems are mainly charac-
terized as offshore transport of surface water where the subsurface water upwells to the
surface. Subsequently, upwelled water with higher nutrients supports the high primary
productivity and pelagic fisheries [14,15].
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Figure 1. Sri Lanka dome (SLD) and southwest monsoon current (SMC) with other coastal upwelling
systems. 1© Somalia–Oman upwelling, 2© southeastern Arabian Sea upwelling, 3© Java–Sumatra
upwelling, 4© South Vietnam upwelling in the South China Sea (SCS). Shaded is the bathymetry
from the GEBCO dataset (https://www.gebco.net/, accessed on 30 January 2022). Black arrows are
averaged wind vectors from June to September.

A seasonal upwelling also appears off the east coast of Sri Lanka (5–10◦N, 83–87◦E)
during the southwest (SW) monsoon (June–September), known as the Sri Lanka dome
(SLD) [16,17]. The SLD is a unique upwelling system that occurs in the open ocean. It starts
in May, matures in July, and disappears in September [18]. The mechanism is different from
other upwelling systems in the western Arabian Sea, the southwest coast of India, and the
eastern equatorial Indian Ocean. The SW summer monsoon produces positive wind stress
curl above the region of SLD and favors the upwelling via Ekman pumping [16]. A previous
study using numerical model found that the existence of Sri Lanka island forces a strong
surface current, namely, the southwest monsoon current (SMC) [17] which flows eastward
from the eastern Arabian Sea to the Bay of Bengal (BoB) and finally turns northwestward
after passing the south of Sri Lanka [19]. The anticlockwise turning of the SMC favors the
occurrence of a cyclonic eddy (CE) to the east of Sri Lanka (Figure 1) [17,20]. Therefore, it
is considered that the island mass effect, a phenomenon of increased chlorophyll near an
island [21], and wind-driven Ekman pumping are thought to determine the existence and
strength of the SLD, respectively. The dissipation of the SLD is attributed to the westward
propagation of Rossby (downwelling) waves, which are associated with the reflection of
the spring Wyrtki jet at the eastern boundary of the Indian Ocean [18,22,23].

The formation of the SLD introduces a prominent impact on the biogeochemical tracers
as well. Remote sensing of ocean color shows increased chlorophyll in the surface waters
of the SLD during the SW monsoon [24]. This is mainly because the upwelling breaks the
strong stratification (the existence of a barrier layer) during summer and provides more
nutrients to the surface [24–28]. However, the Bay of Bengal Boundary Layer Experiment
(BoBBLE) showed a very low nutrient concentration in the SLD via ship-bound measure-
ments [25,29]. This discrepancy was assumed due to the upwelled nutrient being rapidly
consumed by phytoplankton in the surface [25]. Additionally, SMC is considered to trans-
port water with high-chlorophyll to the SLD region from the south of Sri Lanka [20,24]. Due
to the corresponding Ekman pumping, there are also prominent deep chlorophyll maxima
(DCM) at intermediate depths (20–50 m) in the region of the SLD and the SMC [30]. Outside
the dome, the DCM is weaker. Seasonal variations in chlorophyll in surface and subsurface

https://www.gebco.net/
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waters have been linked to monsoon-regulated upwelling [31]. However, the detailed
interaction between the region of SLD and south of Sri-Lanka is still not well understood.

Following the high chlorophyll concentration and net primary productivity (NPP), the
biogenic CO2 uptake is enhanced as well. Numerical studies indicate that the enhanced
NPP overcomes the upwelled water with high pCO2, resulting in a net carbon sink in the
SLD [26,32]. However, the recent observation argues that the strong upwelling makes the
SLD a net carbon source [25]. In recent years, the application of seawater pCO2 remote
sensing provides a novel means to estimate the global and regional air–sea CO2 flux with
higher spatial and temporal resolution than the conventional shipboard observation [33–37].
Relative to the upwelling system of the western Arabian Sea, physical and biological
governing factors controlling seawater pCO2 in the SLD are not well understood.

In this study, we revisited the dynamics of the high chlorophyll concentration in
the SLD. In addition to the wind stress curl induced upwelling, the strengthening and
transport of SMC, a cyclonic–anticyclonic eddy dipole, and associated frontal process also
play important roles. Furthermore, by calculating the seasonal variability of the sea-to-air
CO2 flux in the southwestern BoB using the remote sensing and reanalysis products, our
data support that the SLD is a net carbon source to the atmosphere.

2. Data and Methods
2.1. Datasets

(a) Monthly and 5-day gridded data of chlorophyll-a concentration in the SLD pro-
vided by the Ocean Colour Climate Change Initiative (Ocean Color CCI) v5.0 over the
period from 1998 to 2020 were obtained from European Space Agency (ESA; https://
www.oceancolour.org, accessed on 30 January 2022). The Ocean Color CCI is producing
long-term multi-sensor timeseries of satellite ocean-color data with a horizontal resolution
of 4.5 km [38]. Meanwhile, the monthly remote-sensing reflectance (Rrs) at the 443 nm,
488 nm, and 555 nm bands were also used to calculate the air–sea CO2 flux described in
Section 2.4.

(b) The monthly reanalysis product of sea surface salinity (SSS) and mixed layer depth
(MLD) were obtained from the E.U. Copernicus Marine Service (https://www.marine.
copernicus.eu, accessed on 30 January 2022) to calculate the air–sea CO2 flux described in
Section 2.4.

(c) Daily and monthly sea surface height anomaly (SSHA) and surface geostrophic
current data, with a horizontal resolution of 0.25◦ over the same period as the chlorophyll-a
data, were obtained from the E.U. Copernicus Marine Service. The product is processed
by the DUACS data processing system from all altimeter missions: Jason-3, Sentinel-3A,
HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, and ERS1/2.

(d) Mesoscale Eddy Trajectory Atlas products (META3.1exp DT) over the same
period with chlorophyll-a concentration, processed by Centre National D’Etudes Spa-
tiales/Collecte Localisation Satellites (CNES/CLS) in the DUACS system, were obtained
from AVISO+ (https://www.aviso.altimetry.fr, accessed on 30 January 2022). All eddies
with a lifetime greater than 8 days were extracted.

(e) The six-hourly near-surface (10 m) wind speed over the same period with chlorophyll-a
concentration was obtained from the fifth-generation European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis (ERA5) dataset (http://cds.climate.copernicus.eu,
accessed on 30 January 2022). The wind stress and its curl are derived from the wind speed.
Here, wind stress is calculated as the function τ = Cd × ρ × u10, where τ is the wind stress,
Cd is the drag coefficient, ρ is the density of air, and u10 is the wind speed at 10 m. Cd and
ρ were set to 1.25 × 10−3 and 1.225 kg m−3, respectively. Wind stress curl is calculated as
∂τy/∂x − ∂τx/∂y, where τx and τy denote the wind stress in the x and y directions, respectively,
that induces the vertical movement of the water mess via Ekman pumping [39].

(f) Daily sea surface temperature (SST) data with a horizontal resolution of 4.5 km
for the period of 2003–2020 were obtained from NASA’s Moderate Resolution Imag-
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ing Spectroradiometer (MODIS) on Auqa (http://oceandata.sci.gsfc.nasa.gov, accessed
on 30 January 2022) to perform the front detection.

(g) HYCOM reanalysis products of expt_57.2 (https://www.hycom.org, accessed on
10 February 2022), which has a horizontal resolution of ~0.08◦ (9 km) and 41 vertical layers,
were obtained for the summer of 2016 with a time interval of 3 h. The HYCOM model uses
the Navy Coupled Ocean Data Assimilation (NCODA) system for data assimilation. As
most of the available satellite altimetry observations are assimilated in the NCODA, the
modeled sea surface height and eddy locations are consistent with altimetry observations.

2.2. Lagrangian Particle Tracking

The motion of particles was tracked using the HYCOM current field. This method was
used for the backward tracking of settling particles collected by the timeseries sediment
trap in the South China Sea [40]. The motion of a particle is described by its position
vector, X(t), at time t. The velocity of the particle is interpolated from the HYCOM velocity

outputs by setting the velocity in the Lagrangian frame equal to the velocity
⇀
U(x, t) in the

Eulerian frame when X(a, t) is crossing the point x:(
∂X(a, t)

∂t

)
a
=

⇀
U(x, t) where X(a, t) = x, (1)

When the virtual particle is located at point X(n)(t) = x, we can update its position by
a time step, ∆t, to estimate the displacement:

X(t + ∆t) = X(t) +
∫ t+∆t

t
v(x, τ)dτ (2)

We simulated the general trajectory X(t) of particles by combining the Brownian
motion, the drift following the current:

dXi(t) = ai(X, t) + σij(x, t)dWj(t) (3)

where Xi(t) is the trajectory vector of a specific particle “i”, and dXi(t) = Xi(t + dt)− Xi(t)
is the stochastic particle displacement during the time interval [t, t + dt]. The term ai(X, t)
is a deterministic drift, σij(x, t) is related to a diffusion tensor, and Wj(t) is a Wiener process
to represent the random walk realized by applying a perturbation to the velocity field. The
horizontal and vertical diffusivity was set to 50 and 10−4 m2 s−2, respectively. The vertical
water velocity is derived using the continuity equation. The particle itself does not have an
active settling velocity in this study.

2.3. Front Detection

The SST front was detected using the gradient-based edge-detection method following
refs. [39,41]. In the first step, the local maximum gradient was calculated. A patch was
marked as frontal pixels if they had the gradient greater than a defined threshold of T1. In
the next step, the position of the front filament was identified if the value of the gradient
for adjacent pixels was larger than a threshold of T2 in the direction perpendicular to the
gradient. This procedure repeated until the entire front filament was completed when the
gradients for all surrounding pixels were smaller than T2. In this study, the thresholds of
2.8 ◦C and 1.4 ◦C per 100 km for T1 and T2, respectively, were adopted from the former
study conducted in the Arabian Sea [41]. Different values of thresholds of T1 and T2 were
tested to ensure the robustness of the detection. After the daily SST front was obtained, the
frontal probability (FP) at each pixel was calculated in each month. The FP was defined as
the ratio between the total number of times the pixel was identified as a front within the
month and the number of times the pixel was cloud-free during the same time.

http://oceandata.sci.gsfc.nasa.gov
https://www.hycom.org
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2.4. Remote Sensing of Sea-to-Air CO2 Flux

The remote sensing of seawater pCO2 is derived from satellite products including the
remote-sensing reflectance (Rrs at 443 nm, 488 nm and 555 nm bands) and chlorophyll, as
well as other reanalysis products such as the SST, SSS, and MLD (Table 1). Extreme gradient
boosting (XGBoost) [42], a machine learning algorithm, was applied to create monthly sea
surface pCO2 maps with a spatial resolution of 4.5 km for the period of 2003–2019 over
the global ocean. Observed pCO2 data from the Surface Ocean Carbon Atlas (SOCAT)
database [43] were used for training and validation. In this study, the SOCAT v3 data for
the period of 2000–2015 was used for training, and the period of 2016–2018 was applied
for validation. There are 792 stations in the central and eastern Indian Ocean used for
training (Figure S1). After the seawater pCO2 was derived, we computed the air-to-sea CO2
flux using the approach of ref. [33]. The input variables to calculate the flux are described
in Table 1.

Table 1. Input variables for the sea-to-air CO2 flux.

Variables Source Spatial Resolution Time Resolution

Rrs Ocean Color CCI 4.5 km Monthly
Chlorophyll Ocean Color CCI 4.5 km Monthly

SST OISSTv2.1 0.25◦ Monthly
SSS GLOBAL_REANALYSIS_PHY_001_031 0.083◦ Monthly

MLD GLOBAL_REANALYSIS_PHY_001_031 0.083◦ Monthly
pCO2

Air CarbonTracker CT2019B 3◦ × 2◦ Monthly
Atm. pressure CarbonTracker CT2019B 3◦ × 2◦ Monthly

Wind speed WIND_GLO_WIND_L4_REP_OBSERVATIONS_012_006 0.25◦ Monthly
pCO2

Seawater This study 4.5 km Monthly

3. Results
3.1. Chlorophyll

The remote sensing chlorophyll in the southwestern BoB shows a clear seasonal
variability with high concentration during the SW summer monsoon and low value in the
northeast winter monsoon (Figure 2). The summer high value occurs around the coast
of south India and Sri Lanka (Figure 2b). There exists an offshore high chlorophyll patch
distributed along the wind direction off the east coast of Sri Lanka. Meanwhile, this patch
can be traced upstream to the south of Sri Lanka (SSL). In comparison, high chlorophyll
during winter is only limited to the coastal regions around India and Sri Lanka, and the
channel between them (Figure 2a). Monthly climatology of chlorophyll and wind stress curl
averaged in the SLD and SSL also show prominent seasonal variability with high values
during SW monsoon (Figure 3). The chlorophyll in SSL is persistently larger than that in
SLD. The chlorophyll in SSL is increasing by almost four times from its lowest value to the
largest value; in comparison, the increase is only twice in the SLD (Figure 3a). Consistently,
the change in wind stress curl is also more prominent in SSL than that in SLD (Figure 3b).
The monthly climatology of chlorophyll in the SLD and SSL shows that their maxima both
occur during the SW monsoon, but the SSL leads SLD for one month (Figure 3a).
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Figure 2. Seasonal mean chlorophyll concentration (units: mg m−3) overlaid by wind fields during
(a) northeast monsoon (December–April) and (b) southwest monsoon (June–September). White
arrows denote wind vectors. The red and black boxes denote the region of SLD (5–10◦N, 83–87◦E)
and SSL (3.7–6.6◦N, 80–81.5◦E), respectively.
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Figure 3. Monthly climatology of (a) chlorophyll and (b) wind stress curl averaged in the SLD and
SSL box. Dash lines in (a) denote the month of maxima occurring in the SLD and SSL box. Shaded
denotes the range of standard deviation of each month.

3.2. Wind Stress Curl

The positive and negative wind stress curls impose an upward and downward Ekman
pumping to the ocean, respectively [44]. In the center of the SLD, a positive wind stress
curl happens during summer (Figure 4a). The result is consistent with that of the cross-
calibrated multiplatform (CCMP) wind product [45] (Figure S2). The position of the high
chlorophyll patch (blue contour) generally matches the core of the positive wind stress curl
stripe in the SLD region (Figure 4a). However, the monthly climatology of the wind stress
curl in the SLD box shows significantly less seasonality than in the SSL box (Figure 3b).
The wind stress curl in the SSL box shows positive values in summer (with a peak in July)
and negative values in winter. In the SLD box, the value of the wind stress curl is positive
throughout the year. The SLD box has two positive peaks in both winter and summer, but
the summer peak in July is not significantly higher than the winter peak in December. The
chlorophyll in the SLD box, however, is significantly lower in winter.
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Figure 4. (a) Wind stress curl (units: N m−3) and (b) sea surface height anomaly (SSHA) (units: m)
during the SW monsoon (June–September). Arrows are geostrophic currents derived from the altimetry
data. The green and white boxes denote the region of SLD. Blue contours denote the chlorophyll
concentration of 0.35 mg m−3 in Figure 2b.

3.3. Sea Surface Height

The distribution of sea surface height anomaly (SSHA) in the SLD box shows a negative
center in the northwest and a positive anomaly in the southeast (Figure 4b). This pattern is
consistent with the result of the dome tracing result in which the dome is developed on the
lee side of Sri Lanka, to the northwest of the SMC [46]. The counterclockwise pattern of the
geostrophic current is consistent with the negative SSHA that usually favors upwelling in
the coastal ocean [47–49]. However, the summer high chlorophyll patch does not match the
negative SSHA region. Instead, a high chlorophyll patch occurs at the boundary between
the negative and positive anomalies of SSHA, which denotes the maximum slope of SSHA
and matches the position of the SMC.

The timeseries of SSHA in the SLD box show a long-term increasing trend (Figure S3),
which is removed as the detrended SSHA (SSHAdetrend) before comparing with the chloro-
phyll. Most chlorophyll peaks in each year correspond to a negative SSHAdetrend and
the R between them is −0.34. However, the SSHAdetrend shows variability with a higher
frequency than the chlorophyll (Figure 5).
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We applied the empirical orthogonal function (EOF) analysis to the monthly mean
SSHAdetrend data in the region of 5–15◦N, 75–90◦E. The first principal component (PC1)
interprets ~30% of the total variance and its distribution shows a dipole with the boundary
near the SMC (Figure 6a). PC2 accounts for ~20% of the total variance (Figure 6b). It shows
the antiphase of the core of the high chlorophyll patch in the SLD and the east coast of south
India relative to other regions. PC3 shows a dipole pattern in the region off the east coast of
Sri Lanka (Figure 6c). PC4 also shows a dipole in the SMC region and its northwestern side
(Figure 6d). The timeseries of the PCs show that PC1 and PC2 have an annual cycle with
the peak of the latter leading 2 months to the former (Figure 7). Both PC3 and PC4 show
intra-seasonal variabilities.
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3.4. Eddy Distribution

The eddy distribution and its effect on the chlorophyll in the BoB was studied by
ref. [50]. Here, we census eddies near the region of SLD from the Mesoscale Eddy Trajectory
Atlas product. The snapshots of all eddies with a lifetime greater than 8 days were censused
in the southwestern BoB during the SW monsoon. The SLD box is a hotspot of eddy
activities comparing surrounding areas. The majority of cyclonic eddies (CE) occur in
the northwest of the SLD box (Figure 8a), while anticyclonic eddies (ACE) are in the
southeast (Figure 8b). The area with higher CE activities is consistent with the negative
SSHA (Figure 4b) and the dome tracing result of ref. [46]. Usually, upwelling and dowelling
happen in the center of a cyclonic and anticyclonic eddy, respectively [51], associating with
negative SSHA in CE and positive in ACE. However, the high chlorophyll patch matches
better with the region that has higher frequency of ACEs.
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Figure 8. Number of eddy snapshots of (a) cyclonic and (b) anticyclonic eddies occurring in the
1◦ × 1◦ bin during the SW monsoon for the period of 1998–2020. Red boxes denote the region of SLD.
White contours denote the chlorophyll value of 0.35 mg m−3 in Figure 1b.

Snapshot of eddies and SSHA during the period of SW monsoon show the dipole (a
pair of ACE and CE) pattern in this region (Figure 9). The eddy pair is divided by the SMC
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which intensify in June, mature and move northward in July–August, and decay at the end
of September as shown by the surface geostrophic current (Figure 9). A CE and an ACE
usually occur on the northwestern and southeastern sides of the SMC, respectively. The
core of SLD can be represented by the CE, which moves northward gradually from June
to September. This process is more clearly shown in the summer of 2014. At the end of
September, an ACE usually covers the region near the east coast of Sri Lanka and the SLD
is dismissed. It also shows clear interannual variation, such as the ACE was not shown off
the east coast of Sri Lanka at the end of September 2016.
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3.5. Frontal Probability

The FP during the SW monsoon is high around the coast of south India and Sri Lanka
(Figure 10b), which matches well with the region of high chlorophyll (Figure 2b). The high
FP region in the southeast coast of Sri Lanka extends to the SLD, following the pathway
of SMC. During the northeast monsoon, the region with high FP near the coast is much
smaller (Figure 10a). It shows relatively high FP on the pathway of the East India Coastal
Current off the east coast of India and Sri Lanka as shown by the geostrophic current [23].
In the SLD, the FP during winter is also much lower than that of summer.
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Figure 10. Frontal probability during (a) December–April and (b) June–September for the period of
2003–2020. Arrows are geostrophic currents of the specific season derived from the altimetry data.
The green boxes denote the region of SLD.

3.6. Sea-to-Air CO2 Flux

The remote sensing of sea-to-air CO2 flux is positive in the SLD box during the SW
monsoon (Figure 11a), implying a net carbon source. The high flux region corresponds to
the high chlorophyll patch and is consistent with the observation-based SeaFlux dataset by
Fay et al. [52] (Figure 11b). The SeaFlux is an ensembled dataset that includes six global
observation-based seawater pCO2 mapping products and three wind products with a
horizontal resolution of one degree [52]. The algorithm of SeaFlux contains three artificial
neural-network-derived products (CMEMS-FFNN, MPI-SOMFFN, NIES-FNN), a mixed
layer scheme product (JENA-MLS), a multiple linear regression (JMA-MLR), and a machine
learning ensemble (CSIR-ML6) [52]. Our data has a higher spatial resolution than the
SeaFlux dataset. Timeseries results also show that the seasonal variability of sea-to-air
CO2 flux calculated in this study is consistent with most of the ensemble members of the
SeaFlux dataset and the shipboard observation data by Takahashi, et al. [53] (Figure 12).
The sea-to-air CO2 fluxes of the SLD region are persistently positive all year round with
a maximum (0.82 mol m−2 yr−1) in August. Among these products, JENA-MLS [52] and
Takahashi2009 [53] show the strongest outgassing of CO2 during the SW monsoon with
~100% higher flux than the other algorithms.
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Figure 11. Comparison between (a) remote sensing sea-to-air CO2 flux (units: mol m−2 yr−1) and
(b) observation-based product from ref. [52] during the SW monsoon (June–September). Blue boxes
denote the region of SLD. Contours denote the chlorophyll concentration of 0.35 mg m−3 in Figure 2b.
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Figure 12. Monthly climatology of sea-to-air CO2 flux (units: mol m−2 yr−1) in the SLD box. Gray
dashed lines denote ensemble members of the SeaFlux dataset [52] and Takahashi2009 [53] data.
Shaded denotes the range of standard deviation of each month in this study.

4. Discussion
4.1. Lateral Advection from the SSL to the SLD

The regional dynamics of the chlorophyll in the SLD region were largely attributed to
the positive local wind stress curl which generate upwelling and doming of the nutricline
during the SW monsoon [24]. However, the correlation between chlorophyll and wind
stress curl is relatively weak, with a R value of 0.35. On the contrary, the R value is 0.65
in the SSL box. Moreover, the chlorophyll in the SLD box has a one-month lag relative
to the one in the SSL box (Figure 2a). It was proposed that chlorophyll and/or nutrients
are advected from the SSL to the SLD region [3,24]. Similar offshore transport was also
found in the South China Sea [54,55] and western Arabian Sea [41] upwelling systems. The
concept of delayed island mass effect was recently proposed to describe how nutrients
from upwelled water near islands are advected and trigger remote blooms in the open
ocean [56].

To test this hypothesis, we applied the forward Lagrangian particle tracking method,
which was used in the South China Sea [40]. Each day, 1000 particles were released
uniformly in surface waters within the SSL box from 1 to 30 July 2016. The position of
every particle was tracked for 30 days unless it hit the boundary of the BoB (75◦E in the
west and 0◦N in the south). Most particles move eastward and are distributed in the entire
southwestern BoB in 30 days (Figure 13a). Near the equator, a small fraction of particles
moves westward to the Arabian Sea. We censused the fraction of particles that enter the
SLD box during the tracking period. In total, >80% of the total released particles entered
this region, especially during 10–25 July (Figure 13d). On average, most particles entered
the SLD box in the first 10 days (Figure 13b) and left the box 15–30 days after releasing
(Figure 13c). Therefore, they stay in the SLD box for about 10–20 days. The tracking result
explains the one-month lag of chlorophyll in the SLD box by indicating that chlorophyll and,
more likely, nutrients remain in the SLD box for 10–20 days after being advected laterally
from the SSL box. If high-nutrient water is transported from the coastal upwelling region
to the open ocean via the SMC, it needs additional time delay (3–5 days) for chlorophyll
in response to the supply of nutrients, as was noted by refs. [57,58]. However, the high
chlorophyll patch does not occur as wide as the region with particles being distributed. It
requires nutrients to be consumed out in the SLD box. The tracking result support that the
mechanism of delayed island mass effect [56] works in this region.
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Figure 13. (a) Position distribution of particles released during 1–30 July 2016. The shaded areas denote
the days after each particle is released. (b) Time distribution of particles entering the SLD box. The
X-axis denotes the days after the particles are released. (c) The same as (b), but for days of particles
moving outside of the SLD box. (d) Fraction of particles released each day can enter the SLD box.

4.2. Impact of Sea Surface Height, Eddy, and Front on the Chlorophyll

The variability of SSHA in the SLD box shows a higher frequency than that of chloro-
phyll (Figure 5). EOF analysis reveals that the peak of the PC1 occurs in July (Figure 7),
corresponding to the wind stress curl. This probably reflects the local forcing of the mon-
soon. The timeseries of the PC2 also shows one peak each year, but leads the wind stress
curl for 2 months. We interpret this as the mode of inter-monsoon which occurs in May
and November. Both PC3 and PC4 show a dipole pattern with intra-seasonal variability
(Figures 6 and 7), probably reflecting the westward-propagated eddy activities [59]. The
monthly mean SSHA data limit is used to discuss the intra-seasonal variability in detail.
However, it was already found that the cycle of SSHA in this region has the cyclicity of
30−60 days [60]. The reflection of equatorial Kelvin waves from the eastern boundary of
the Indian Ocean produces a sequence of cyclonic and anticyclonic eddies passed through
the box of SLD [23,60]. Therefore, the intra-seasonal variability of SSHA in the SLD re-
gion is mainly determined by the far-field oceanic forcing, rather than the local wind
forcing. Furthermore, the dipole distribution of CE and ACE (Figures 6 and 7) reflects
the westward propagation of upwelling and downwelling Rossby waves. A similar eddy
dipole also occurred in the summer upwelling near the coast of Vietnam and the western
Arabian Sea [61,62]. However, a recent observation and modeling study suggested that the
ACE–CE dipole is generated by topographically trapped Rossby waves near the Sri Lankan
coast [63], but both hypotheses emphasized the interaction between oceanic waves and the
SMC [63,64]. The region with co-occurrence of frequent ACE and high chlorophyll patch
may imply the contribution of ACEs. We analyzed the mean chlorophyll concentration
inside each eddy that occurred in the SLD box during the SW monsoon (Figure 14). The
chlorophyll extremes (>0.75 mg m−3) in the CE are higher than that in ACE, implying that
the CE-induced upwelling would increase the chlorophyll concentration. However, the
mean concentration of all CEs (0.34 mg m−3) does not have a significant difference from
that of all ACEs (0.34 mg m−3). Therefore, the occurrence of ACE in the high-chlorophyll
patch has a neglected or weak-negative impact on the chlorophyll.
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Figure 14. Scatterplot of chlorophyll averaged inside an eddy and the associated eddy’s amplitude
for all eddies’ snapshots in the SLD box during the SW monsoon over the period from 1998 to 2020.
ACEs and CEs have positive and negative amplitudes, respectively. Chlorophyll concentration of the
5-day mean from the Ocean Color CCI product is used here.

Both the BoBBLE observation and modeling results showed that the SLD region
develops prominent deep chlorophyll maxima (DCM) at intermediate depths (20–50 m) [30].
The DCM is stronger in the region of the SLD and the SMC due to the corresponding Ekman
pumping [30], but weaker outside the dome. Therefore, another possibility is that the effect
of CE increases the concentration of DCM that is not observed by satellite. However, the
model result showed that the SMC region features the strongest DCM as well as the highest
depth-integrated chlorophyll [30]. Thus, the change in surface chlorophyll observed by
satellite can represent the subsurface condition. We suggest eddy activities have limited
direct influence on the distribution of chlorophyll in the SLD box.

In the coastal upwelling system, FP is an effective indicator of hydrodynamics [39,41,65].
When the along-shore wind forces off-shore Ekman transport, cold water from the subsur-
face is forced to upwell to the surface and fronts subsequently develop around the boundary
of water masses, associating with a strong SST gradient [17,66]. The cold water near the
coast further reduces the wind aloft and produces a positive wind stress curl [67–69]. Both
the wind stress curl and FP in the SSL box show the same seasonality and are highly
correlated with chlorophyll (Figures 3b and 15). The peak of FP in winter can interpret the
winter chlorophyll maximum in the SSL. The wind stress curl, however, does not have the
winter maximum (Figure 3b). FP also reveals the sub-mesoscale process, which produces
strong vertical mixing/convection and provides nutrients to the surface layer [66,70,71].
In the SLD box, the maxima of FP occur in August, the same month as the occurrence
of chlorophyll maximum. In terms of the spatial distribution, the high FP occurs on the
pathway of SMC (Figure 10b). The Arabian Sea high-salinity water enters the southern
BoB with the SMC [72]. It is proposed that the advection of high-salinity water decreases
stratification [25]. CE in the northwest side can upwell the high-salinity water from the
subsurface to the surface. Therefore, the interaction between the SMC and mesoscale
eddies can produce fronts and strong mixing along the SMC [63,73,74]. The current and
surface wind are oriented in the same direction, which may also trigger instabilities and
sub-mesoscale fronts [75]. In addition, the region of SLD usually receives less precipita-
tion during the SW monsoon [76,77], but some extreme precipitation events can result in
frontal filament and strong sub-mesoscale mixing in this region [78]. The match of phases
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between FP and chlorophyll in the SLD implies that the front-related sub-mesoscale mixing
contributes to the increase of chlorophyll.
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Figure 15. Monthly climatology of FP in the SLD and SSL box. Shaded denotes the range of standard
deviation of each month.

4.3. Dynamics of the Air–Sea CO2 Flux

It is well known that the permeant upwelling systems such as the Humboldt upwelling
in the East Pacific and equatorial upwelling in the eastern equatorial Pacific are significant
sources of atmospheric CO2 [79–81]. However, the physical and biological control of
seawater pCO2 in the southwestern BoB is not well understood. The first-order mechanism
of the SLD is wind-induced Ekman pumping rather than the Ekman transport in the coastal
upwelling system. Most biogeochemical models reproduced a weak source or even a
sink during the SW monsoon in the SLD [26,82]. However, the observational CO2 flux
during the SW monsoon period reveals that it is a moderate–strong source of CO2 with
a flux of 1.79 mol m−2 yr−1 [53]. The bias of models is due to overestimated primary
productivity [82]. Our calculated air–sea CO2 flux based on remote sensing products has
higher temporal and spatial resolution than the shipboard observations. The seasonal
variability in CO2 flux is consistent with the result of Takahashi et al. (2009), but has a
smaller amplitude (Figure 12). Because of the scarcity of observation data, the flux must
be validated further in future studies. Recent observation results from BoBBLE showed
that the upwelled subsurface water from SMC has a higher dissolved inorganic carbon
(DIC)-to-nitrate ratio than the conventional Redfield ratio (106:16) [25]. It is assumed that
the upwelled nutrient is consumed by phytoplankton because the nitrate concentration is
extremely low in this region. The excess of DIC can act as the source to the atmosphere [25].
As discussed above, the high wind stress curl and FP occurred on the pathway of SMC,
suggesting the strongest upwelling and/or sub-mesoscale process in this region. The
highest CO2 flux also matches the pathway of SMC (Figure 11a). Our results support that
the advection of high-salinity water via the SMC decreases stratification, combining with
the frontal process to favor deeper mixing and ventilation in the SLD during SW monsoon.
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5. Conclusions

In this paper, we studied the controlling factors for the formation of the SLD during
the SW monsoon. The positive wind stress curl is the first-order forcing. The plateau of
the positive wind stress curl was quickly established from May, which interprets the onset
of increasing in chlorophyll. There is a one-month lag of chlorophyll in the SLD region
relative to the SSL region, indicating the role of the lateral advection of nutrients from
coastal upwelling waters of SSL via the SMC.

Cyclonic eddies introduce a limited increase of chlorophyll in the SLD. The more
frequent occurrence of anticyclonic eddies in the high-chlorophyll patch indicates that eddy
activities have a weak impact on the chlorophyll variability.

Higher FP in the SLD region corresponds to the SMC, implying the occurrence of
fronts and strong mixing on the pathway of SMC.

The subsurface water of the SLD has a higher DIC-to-nutrients ratio than the con-
ventional Redfield ratio. The wind-driven upwelling and/or sub-mesoscale process make
the surface waters have excess DIC and, hence, establish them as a carbon source to
the atmosphere.
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Abbreviations

ACE Anticyclonic eddy
BoB Bay of Bengal
BoBBLE Bay of Bengal Boundary Layer Experiment
CE Cyclonic eddy
DCM Deep chlorophyll maxima
NPP Net primary productivity
MLD Mixed layer depth
Ocean Color CCI Ocean Colour Climate Change Initiative
Rrs Remote-sensing reflectance
SCS South China Sea
SLD Sri Lanka dome
SMC Southwest monsoon current
SSHA Sea surface height anomaly
SSS Sea surface salinity
SST Sea surface temperature
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