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Abstract

Upper-ocean currents in the Bay of Bengal (BoB) reverse seasonally in response to wind forcing. Less is known about their
behavior on the subseasonal (30-60-day) time scale, including by phase of the leading mode of subseasonal atmospheric
variability in the tropics, the Madden-Julian Oscillation (MJO). In this study, anomalies of National Aeronautics and Space
Administration (NASA) Ocean Surface Current Analysis Real-time (OSCAR) upper-ocean zonal and meridional current
components from 1993 to 2020 were composited by phase of the active MJO to examine how the upper-ocean currents
vary subseasonally. These ocean current anomalies were then correlated with anomalies of 10-m zonal and meridional
wind from the European Centre for Medium-Range Weather Forecasts (ECMWF) 5th Generation Reanalysis (ERA5) to
quantify their relationship to the MJO. The strongest correlations between anomalies of upper-ocean currents and surface
winds were found when the active MJO was over Africa (in phase 1) during September and October. In that phase, the BoB
south of 10° N sees a reduction in zonal currents by as much as — 0.6 standard anomalies. Other important correlations
between anomalies of ocean currents and surface winds were found when the active MJO is over the western Pacific
(in phase 6) during September and October, over the Indian Ocean (in phase 2) during November and December, and
over the Maritime Continent (in phase 4) during January and February. During the summer monsoon months of May to
August, no MJO phases had correlations stronger than + 0.3 between anomalies of upper-ocean currents and surface
winds. These results highlight the potential importance of the MJO in subseasonal ocean prediction and motivate future
work to better understand the processes by which the MJO modulates the upper ocean.

1 Introduction

Ocean currents in the Bay of Bengal (BoB) are dynamic and respond strongly to seasonal wind forcing from the
South Asian Monsoon [1-5]. During the summer monsoon, near-surface winds over the entire BoB are primarily out
of the southwest in response to pressure falls and strong ascent over South Asia [6]. During the winter monsoon,
near-surface winds reverse and are primarily out of the northeast in response to strong pressure rises and descent
over the continent [7]. Upper-ocean currents in the BoB mostly reflect this strong seasonality in wind patterns [8,
9], although Kelvin wave responses to the wind forcing lead to a complex series of seasonally reversing gyres [10].
During the summer monsoon, mean upper-ocean currents form a counter-clockwise gyre over the northern BoB
[1, 5], with westward and southwestward flow along Bangladesh and the northeastern coast of India [11-13] and
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eastward and northeastward flow in the center of the Bay along 15° N. Further south and off the coast of Sri Lanka,
there is a prominent northeastward current that borders a gyre and broad eastward flow across the BoB south of
15° N. During the winter monsoon, the East Indian Coastal Current (EICC) flows on average northward and is part of
two prominent clockwise gyres that develop in response to the wind field along the Indian and Sri Lankan coasts.
These oceanic features tend to lag the strongest monsoon winds by about a month [14]. Along the equator, south of
10° N, mean wintertime currents are westward [11, 12]. On the western side of the basin, currents form a gyre system
that transitions between monsoon seasons. On the eastern side of the basin, surface currents in the Andaman Sea
follow the pattern of the greater BoB, with a single gyre with clockwise circulation in the winter and counterclockwise
circulation during the summer, shifting direction in response to Kelvin wave dynamics [5, 11, 15] and wave breaking
as wind-driven currents impinge upon land in the enclosed basin [16, 17]. The imparted kinetic energy on the ocean
surface occurs via series of air-sea momentum exchanges, and these interactions can be particularly complex when
the wind stress-induced friction is against the direction of the prevailing currents [18, 19] reviews many of these
important wind-wave processes that occur on a range of spatial and temporal scales.

Despite this good understanding of the seasonal variability in ocean circulation in the BoB in response to seasonally
varying surface winds, the subseasonal (from two weeks up to 60 days [20]) variability of ocean circulation in response
to subseasonal variability in surface winds remains understudied [21, 22]. The leading mode of atmospheric subsea-
sonal (also referred to as intraseasonal; see the review in [20]) variability in the tropics is the Madden-Julian Oscillation
[23-27]. The MJO is defined by a region of enhanced convection that propagates eastward along the equator on time
scales of 30-60 days. This region of anomalously enhanced convection is preceded and followed by areas of anomalously
suppressed convection. The MJO has been shown to modulate surface winds via an adjustment to surface pressures in
response to vertical circulations that result from diabatic heating-driven divergence in the upper troposphere [27]. This
modulation of surface winds is direct in the tropics [23, 24] and via a Rossby wave response in the extratropics [25, 27], and
it extends many thousands of kilometers from the equator [27, 28]. Convective anomalies of the MJO thus control local
patterns in sea-level pressure [28], with anomalous low pressure located in the region of upper-troposphere divergence
and anomalous high pressure located in the regions of upper-troposphere convergence. These pressure anomalies, in
turn, exert significant control on surface winds [29] and even precipitation in both the tropics [30] and beyond [31, 32].
Indeed, these links between MJO convection and surface winds and between surface winds and upper-ocean currents
form the core of the physical mechanism for MJO modulation of upper-ocean currents in the BoB studied here. It isimpor-
tant to note that other modes of subseasonal atmospheric variability are active in the Indian Ocean and BoB, especially
in summer, including the Indian monsoon intraseasonal oscillation (MISO [33]) and the Boreal Summer Intraseasonal
Oscillation (BSISO [34]). Moreover, it is important to note that ocean circulation in the BoB is significantly modulated
by the remote-forcing of equatorial MJO winds via the Kelvin wave dynamics discussed above and summarized in [59].
However, the analyses in this study are limited to the MJO and direct forcing from its wind anomalies in the BoB.

Modulation of lower-tropospheric circulation over the tropical oceans on the subseasonal time scale has been known
and understood for more than 50 years [35]. Additionally, ocean circulation response to wind forcing has been known
for more than 70 years [36]. What remains less understood is how that wind modulation may project onto surface ocean
currents on the subseasonal time scale. A few studies have explored this link, finding MJO-driven subseasonal variability
of the California current [37], the Leeuwin current off western Australia [28], sea levels across the equatorial Pacific [38],
and currents off the coast of South Vietnam [6]. In the Indian Ocean, the West India Coastal Current (WICC) has been
found to exhibit bursts of subseasonal variability [39], and subseasonal breaks in the southwest monsoon have been
shown to affect sea-surface temperatures in the BoB [22, 39, 40]. Wind stress forcing on the subseasonal time scale has
been observed to generate anomalies in sea surface height in the Indian Ocean up to 10 cm that travel throughout the
basin, including into the BoB and Andaman Sea [41]. Given these findings, the BoB presents an opportunity to further
explore how the MJO modulates surface ocean currents on the subseasonal time scale. This is possible because the upper
ocean responds to wind forcing, particularly at low latitudes [22, 39, 40]. In this study, we examine subseasonal variability
of upper-ocean currents in the BoB concurrent with subseasonal variability of surface winds. While ocean influences on
the MJO have been documented (eg, [43]), less is known about how ocean currents in the BoB are modulated by the
MJO. The remainder of this paper is organized as follows: data sets and analysis methods are described in Sect. 2, results
of the MJO modulation of atmospheric and oceanic processes are presented in Sect. 3, and finally conclusions from this
study are offered in Sect. 4.
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2 Data and methods
2.1 Studyarea

In this study, the BoB is defined as the basin area north of 5° N, to include the Andaman Sea (Fig. 1). The BoB is bounded
to the west by the Indian subcontinent and Sri Lanka, to the north by Bangladesh and the Ganges River basin, and to
the east by Burma and the Andaman Island chain. The focus here is on ocean currents in the upper 30 m in the region
bounded by the features listed above.

2.2 Subseasonal variability: the Madden-Julian Oscillation

The amplitude and phase of the MJO were determined using the Real-time Multivariate MJO (RMM) index [44], which
is available at daily time resolution from 1973 to present from http://www.bom.gov.au/climate/mjo/. The RMM index is
created via an empirical orthogonal function analysis of 200-hPa zonal winds, 850-hPa zonal winds, and outgoing long-
wave radiation (OLR) averaged across the tropics (15° S to 15° N) along the equator. The RMM index has the seasonal
signal removed via a 20-100-day bandpass filter [44]. An active MJO event is defined in this study following [45] as one
with an amplitude (RMM12 4+ RMM22)%> greater than or equal to 1.0, with RMM1 and RMM2 defined as the first two prin-
cipal components of the empirical orthogonal function analysis [44]. This method of using the RMM to define the MJO
is common in studies of subseasonal variability across all seasons [46-48].

2.3 Ocean currents

Ocean currents analyzed in this study are from the National Aeronautics and Space Administration (NASA) Ocean Surface
Current Analysis Real-time (OSCAR) data product. The OSCAR product provides gridded, 5-day (pentad) averaged zonal
(u) and meridional (v) components for the upper 30 m of the ocean at 1/3° resolution [49] from 1993 to present. OSCAR
currents are derived from measurements of sea surface height, surface vector wind, and sea surface temperature. Currents
are calculated from those based on geostrophy, Ekman and Stommel wind stress dynamics, and the surface buoyancy
gradient [49]. In this study, the OSCAR currents were analyzed from 01 January 1993 to 31 December 2020, stopping in
2020 to avoid the change in temporal and spatial resolution that took effect in 2021 [50].

Zonal and meridional current components were grouped by month pairs: January-February, March-April, May-June,
July-August, September-October, and November-December, following [11] and the climatological analyses of [1, 2].
Pentad anomalies of the u and v components were calculated by subtracting the long-term (1993-2020) average for
each month pair. The surface current anomalies were then binned by the active phase of the RMM index averaged over
the pentad coincident with the OSCAR data. To capture direct impacts from the MJO, no time lag was considered, fol-
lowing [51]. The surface current anomalies were converted to standard anomalies by dividing each by the long-term
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standard deviation for each month pair [52]. Statistical significance of the mean standard anomaly for each MJO phase
for each month pair was calculated following [37] using the two-sample t test. The t statistic was calculated for the u and
v components as follows:

X-y
2
NOWE
n m

where X is the mean anomaly for each month pair,y is the mean anomaly for each MJO phase, s}% and 55 are the corre-
sponding standard deviations of each sample, and nand m are the sizes of each sample.

t =

2.4 Surface winds

Zonal (U) and meridional (V) 10-m wind components analyzed in this study are from the European Centre for Medium-
Range Weather Forecasts (ECMWF) 5th Generation Reanalysis (ERA5) [53]. The ERA5 product is available hourly at 0.25°
grid spacing from January 1940 to present. In this study, daily values at 0000 UTC from 01 January 1993 to 31 December
2020 were analyzed. To avoid confusion, surface ocean current components are referred to hereafter using lower-case
notation (v and v) and atmospheric wind components are referred to using upper-case notation (U and V). The 10-m wind
components were pentad-averaged to coincide with the dates of the OSCAR surface currents, and similar to the OSCAR
data, binned by MJO phase and month pairs. Standard anomalies were calculated following the method used for the
ocean currents (see Sect. 2.3). Statistical significance of the standard anomalies of the surface winds was also calculated
using the two-sample t-test. Other than the bandpass filter applied to the RMM index to remove seasonal variability, no
other detrending of the data used in this study was done.

2.5 Subseasonal relationships: ocean currents and surface winds

The strength of the agreement between anomalies of ocean currents and anomalies of surface winds was quantified
via Pearson product-moment correlation coefficients. Correlation coefficients at every grid point in the BoB were cal-
culated between u and U and v and V for each MJO phase and month pair. To calculate these correlations, the atmos-
pheric anomalies were re-gridded onto the OSCAR latitude-longitude grid. Correlations of at least moderate strength
(0.3<|r] <0.6, following [52]) were selected for further analysis. It is important to note that due to the large number of
paired gridded observations (n >400) used to calculate these correlations in the BoB, coefficients r larger than 0.30 are
statistically significant beyond 99.9% (p <0.001).

3 Results
3.1 Climatology of ocean currents and surface winds

To understand potential subseasonal variability in the BoB, it is necessary to first examine the mean climatological state.
Average ocean currents and surface winds for the six two-month periods of this study are presented in Fig. 2. In Janu-
ary-February, mean surface winds are uniformly from the northeast over much of the Bay at speeds between 5 and
7 ms™' (Fig. 2a). The most prominent upper-ocean features in the BoB include a clockwise gyre over the northern half of
the Bay at speeds of 5-25 cm s™', a southward flowing current along southeastern India at speeds up to 20 cm s™', and
westward flow between 5°and 10° N up to 40 cm 57! (Fig. 2b). In March-April, surface winds are anti-cyclonic, with strong-
est winds along the east coast of India (Fig. 2c). In the ocean, the northward-flowing EICC is pronounced along the eastern
coast of India at speeds approaching 50 cm s~'. The EICC forms the western part of a clockwise gyre over the western
Bay (Fig. 2d). Westward flow is still present between 5° and 10° N but at speeds of 15-25 cm s~1 weaker than in Janu-
ary-February. In May-June, surface winds over the BoB are mostly from the southwest at speeds between 5and 7 ms™',
reflecting the seasonal shift from winter, with exceptions in the northern lee of Sri Lanka (variable directions with speeds
less than 3 m s™') and the southern lee of Sri Lanka (winds from the southwest with speeds exceeding 8 m s™") (Fig. 2e).
The most prominent ocean features are cyclonic gyres of approximately 500 km in diameter, one east of India along 17° N
and the other east of Sri Lanka along 7° N (Fig. 2f). Flows in those gyres approaches 50 cm s™'. Currents in the southern
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Fig.2 Mean 10-m winds (in m
s™") and currents in the upper
30 m of the ocean (incms™)
for a, b January-February, ¢, d
March-April, e, f May-June, g,
h July-August, i, j September-
October, and k, | November-
December, respectively. Winds
are from the ERA5 reanalysis £
and ocean ocean currents are s i T B PHE LTI
from the OSCAR product, both : - REAESREg sy
averaged over 1993-2020
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BoB between 5°-10° N have reversed direction compared to January—April and are now eastward. In July—August, mean
surface winds in July-August in the BoB are uniformly from the southwest between 7 and 9 m s™', except to the east of
Sri Lanka where they exceed 10 m s™' (Fig. 2g). In the ocean, a pronounced counterclockwise gyre is located over much
of the northern Bay north of 15° N with fastest speeds exceeding 30 cm s™' along the India-Bangladesh border. Some of
the fastest flow of the year in the BoB is found in July-August to the east of Sri Lanka, with speeds exceeding 50 cm s
(Fig. 2h). Mean surface winds in September-October remain from the southwest, but unlike May-August, speeds are
lower, only 2-6 m s71, fastest in the lee side of Sri Lanka (Fig. 2i). Surface ocean currents in September-October are more
complex than in other months (Fig. 2j). The EICC flows southward between 10-40 cm s™', with fastest flow south of the
Ganges River delta. It forms the western part a broad clockwise gyre in the northern BoB and a smaller clockwise gyre
along 10° N. Sandwiches between these two is an anticlockwise gyre along 15° N. Surface currents converge east of Sri
Lanka and progress to the east (Fig. 2i). Surface winds in November-December are generally from the north and north-
east at speeds between 3 and 6 m s~ (Fig. 2k). Surface ocean currents in the BoB are dominated by a strong southward-
flowing EICC, with speeds exceeding 50 cm s~ between 5°and 15° N (Fig. 21). Over the remainder of the Bay, surface flow

is mostly from southeast to northwest at speeds upto 20 ms™".

3.2 Correlations between ocean currents and surface winds

Correlation coefficients were calculated between two sets of component anomalies: the zonal ocean currents (u) and
zonal surface winds (U) and the meridional ocean currents (v) and meridional surface winds (V). These correlations were
calculated for each month pair and MJO phase and reveal the several important aspects of the subseasonal modulation
of the upper ocean in the BoB by the surface wind field (Table 1). First, the strongest relationships between the subsea-
sonal wind anomalies and the subseasonal upper-ocean current anomalies are found in phase 1 in September-October
in the zonal direction (r=0.37), in phase 6 also in September—October in the zonal direction (r=0.34), in phase 2 in
November-December in the zonal direction (r=0.33), and in phase 4 in January-February in the meridional direction
(r=0.31). Second, the strongest correlations are all positive, indicating a direct relationship between subseasonal wind
anomalies and subseasonal ocean current anomalies. Third, the strongest relationships between subseasonal winds
and subseasonal ocean currents cluster in the months from September to February, outside of the summer monsoon.
Fourth, the strongest relationships between subseasonal winds and subseasonal ocean currents appear to be in the zonal
direction, although the strongest correlation coefficient in January-February is in the meridional direction. To further
understand these results, composite anomalies for the four strongest phase-month pairs are examined in more detail.

3.3 Strongest relationships between ocean currents and surface winds

In September-October days in phase 1, the average zonal component of surface wind is anomalously negative through-
out nearly the entire BoB south of 18.5° N (Fig. 3a). The strongest zonal anomalies, up to — 1.5 standard anomalies, are
located in the southern BoB between 5° and 10° N. Positive zonal wind anomalies, up to+0.3 standard anomalies, are
located in the extreme northern BoB adjacent to Bangladesh. At the same time, negative zonal current anomalies, up to

Table 1 Pearson product- Phase1 Phase2 Phase3 Phase4 Phase5 Phase6 Phase7 Phase8
moment correlatlon
coefficients r between 10-m Jan-Feb  Zonal 0.06 —-009 004 0.01 -006 025 0.03 0.15

wind anomalies and upper-

o Tt e meridional —003 —002 0.8 031 0.3 0.16 0.04 023
the Bay of Bengal between 77 Mar-Apr  Zonal 0.03 0.09 0.18 -010 -005 -001 006 0.04
and 94° E and 5-25° N, Bolded meridional —-0.19  -007 -0.11 -006 0.3 0.04 -006 020
values indicate moderate May-Jun  Zonal 0.01 0.01 -010 -003 -005 017 002 006
8"; f:ﬁffg;f?gﬁg@?nzs[sz] meridional  0.04 -003  0.10 0.13 0.00 0.08 -012 001
Jul-Aug  Zonal 0.29 0.13 0.03 0.11 0.20 0.07 022 0.18

meridional  0.01 0.15 -006 -011 0.3 0.20 0.11 -0.10

Sep-Oct  Zonal 037 026 -007 0.16 027 034 023 -0.07
meridional  0.15 -003 004 0.08 0.04 0.09 0.12 0.06

Nov-Dec  Zonal 0.19 033  -001 -011 004 0.03 0.06 -0.18

meridional  0.10 0.06 0.17 006 004 0.20 -008 —008
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Fig.3 a Mean 10-m winds (a)
(vectors, in m s™') and zonal — S
standard anomalies (color ~
shading, in units of stand- 7
ard anomalies), from the |
ERAS5 reanalysis for days in
September-October in active : Y
MJO phase 1. b Mean upper- R
ocean (upper 30 m) currents : ¢
(vectors, in m s™') and zonal .
standard anomalies (color 15°N S
shading, in units of standard T
anomalies) from the OSCAR N
data product for days in

September-October in active 10°N

MJO phase 1. Sample size (n)

indicates number of 5-day

pentads in each composite

1.5

105

-0.5

average, and stippling in both 5ON 1.5
panels indicates zonal anoma- 70°E 75°E 80°E 85°E 90°E 95°E 100°E 105°E
lies statistically significant at
the 95th percentile ( b)
25°N 3

7 §

— 0.5 standard anomalies, are located over the southern BoB, especially south of 12° N and east of 85°E (Fig. 3b). Positive
zonal current anomalies, up to+ 0.3 standard anomalies, are found in the extreme northern portions of the BoB, north of
20° N. The co-location of negative zonal wind anomalies with negative zonal current anomalies, and positive zonal wind
anomalies with positive zonal current anomalies, yields a moderate correlation between the two (r=0.37). Physically,
this is interpreted to indicate that on September-October days when the MJO is active and in phase 1, the southwesterly
winds in the southern two-thirds of the BoB (south of 17.5° N) are weaker than average (Fig. 2i). The OSCAR derived cur-
rents in the southernmost portion of the BoB are modulated to favor a more westerly zonal component in a statistically
significant way. While the exact reason is beyond the scope of this observational paper, based on how the OSCAR cur-
rents are derived [49], it is possible this is due to changes in surface geostrophic or Ekman processes associated with a
more northward component of the wind vectors in Fig. 3a compared with Fig. 2i. In addition, the OSCAR current anomaly
shows a stronger eastward modulation in the surface current along the northern part of the BoB. However, the overall
southward flow of the EICC remains.

In September-October days in phase 6, the mean zonal wind anomaly is positive, up to+ 0.6 standard anomalies,
over the BoB south of 20° N (Fig. 4a). At the same time, positive anomalies of zonal surface currents, up to+0.8 standard
anomalies, are located over the southern third of the BoB (south of 10° N), particularly in the southeastern part in the
Andaman Sea (Fig. 4b). Negative anomalies of zonal surface currents, up to — 0.7 standard anomalies, are located in the
northern BoB, particularly in the northern Andaman Sea, along the coast of Bangladesh, and in the EICC. The general
co-location of positive zonal wind anomalies with positive zonal ocean anomalies, and negative zonal wind anomalies
with negative zonal ocean anomalies, supports a correlation r of + 0.34. The physical interpretation is that there are
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Fig.4 Asin Fig. 3, but for days (a)
in September-October in 250N 15
active MJO phase 6
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enhanced westerly winds over the majority of the basin on days in September-October when the MJO is active and in
phase 6. This wind forcing enhances the counterclockwise circulation throughout the basin. This is evident in Fig. 4b
through the southward enhancement of the EICC on the western edge of the basin, enhanced westward currents in the
northern Andaman Sea, and enhancement in the eastward currents in the southeast position of the BoB and southern
Andaman Sea. The meridional surface currents (not shown) show a similar pattern with an enhancement of the northward
currents along the coast of Burma and a strengthening of the EICC. The exact mechanisms by which the changes in the
wind forcing are modulating the surface currents during MJO active phase 6 in September and October are beyond the
scope of this observational study and warrant further research. However, we hypothesize that the strengthened westerly
wind forcing modulates the sea surface heights throughout the basin, which through geostrophy, projects onto existing
the basin-wide currents.

In November-December days in phase 2, mean zonal wind anomalies are negative, up to —-0.8 standard anomalies,
over the southern three-fourths of the BoB, with the strongest anomalies between 5°and 10° N (Fig. 5a). The mean zonal
current anomalies there are less uniform, with the strongest negative values, up to — 0.5 standard anomalies, over the
southwestern BoB to the east of Sri Lanka (Fig. 5b). Other regions of negative zonal current anomalies are found in the
southern and central Andaman Sea and along the northern and southern EICC. A region of positive zonal current anoma-
lies, up to+ 0.4 standard anomalies, is found on the eastern side of the anti-clockwise gyre to the north of Sri Lanka. This
more mixed pattern of zonal current anomalies co-located with a more uniform pattern of zonal wind anomalies results
in a correlation between the two of r=0.33. The physical interpretation is that on November-December days when the
MJO is active and in phase 2, there is a statistically significant increased easterly component to the wind over most of
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Fig.5 Asin Fig. 3, but for days
in November-December in
active MJO phase 2
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the basin. However, the current response is more muted. It is possible this is due to the strong EICC during these months
that could overwhelm any smaller magnitude modulation from the MJO. Nevertheless, there is a coherent, although not
uniformly statistically significant, modification to the circulation in the anti-clockwise gyre north of Sri Lanka is stronger,
with —u anomalies on its northwestern side and + u anomalies on its southeastern side.

In January-February days in phase 4, meridional wind anomalies are oriented in an east-west dipole over the BoB.
Positive meridional wind anomalies, up to + 0.5 standard anomalies, are located over the western Bay and negative meridi-
onal wind anomalies, up to -0.35 standard anomalies, are found over the eastern Bay (Fig. 6a). The net result is a cohert
pattern of weaking southwesterly flow over the basin compared to Fig. 2a which, although not statistically significant, is
also supported by the zonal wind anomalies (not shown). At the same time, positive meridional current anomalies, up
to+0.5 standard anomalies, are found in the far western portions of the Bay and negative meridional current anoma-
lies, up to — 0.3 standard anomalies, are found in the eastern Bay (Fig. 6b). The co-location of positive meridional ocean
anomalies with positive meridional wind anomalies, and negative meridional ocean anomalies with negative meridional
wind anomalies, is the primary reason for the moderate correlation (r=0.31) between the two. Although not shown, there
is strengthening in the eastward flowing current along the northern coast of the BoB. This suggests an enhancement of
the clockwise currents along the coastline within the BoB. This means that on January-February days when the MJO is
active and in phase 4, the EICC is stronger and more poleward-flowing than average (+ v), and the flow over the eastern
BoB - particularly the southward-flowing currents in the northeastern BoB - is also stronger than average (-v). While the
exact dynamic reasons for this are beyond the scope of this observational study, we hypothesize that the weaking of the
northeasterly wind over the basin could modulate sea surface heights, which projects onto the OSCAR ocean currents.
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Fig.6 Asin Fig. 3, but for (a)
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4 Conclusions

In this study, variability of upper-ocean currents in the Bay of Bengal was examined by phase of the leading mode
of subseasonal atmospheric variability, the MJO. Subseasonal anomalies of surface winds from the ERA5 reanalysis
for the month pairs of January-February, March-April, May-June, July—-August, September-October, and Novem-
ber-December were correlated with subseasonal anomalies of ocean currents from the OSCAR data product to
identify the months and MJO phases with the strongest relationships between the two. Moderate positive correla-
tions (0.3 <r<0.6) were found four times: in September-October in the zonal direction in phases 1 and 6, in Novem-
ber-December in the zonal direction in phase 2, and in January-February in the meridional direction in phase 4. No
correlations stronger than + 0.3 were found in the summer monsoon season from May-August.

Subseasonal variability of the surface wind field in the BoB has been shown previously [27] as the envelope of
convection of the MJO translates eastward from the Indian Ocean through the Maritime Continent to the western
Pacific Ocean. The novel results from this current study are that the OSCAR surface ocean currents in the BoB may be
modulated by the subseasonal wind forcing of the MJO, and therefore themselves vary or be modulated subseason-
ally. The strongest correlation coefficients found here subseasonally are similar in magnitude to correlations found
seasonally between surface winds and sea surface height by [60, 61] (r=0.3-0.7). The subseasonal modulation of
the OSCAR currents by the MJO is not observed to be uniform; it depends on the MJO phase, month, and location
in the basin.
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While many processes can impact surface ocean currents, OSCAR currents are derived from geostrophy, Ekman and
Stommel wind stress dynamics, and the surface buoyancy gradient [49]. Therefore, the physical interpretation of the
OSCAR current modulation via variability in wind forcing by MJO phase is limited to only those processes. Given that the
OSCAR currents are surface velocities derived from both geostrophic and ageostrophic components, it is important to
note that the correlations reported here do not differentiate between Ekman and Stommel processes and SSH-induced
variability.

Within that context, the physical interoperation of the MJO-driven subseasonal variability of ocean currents in the
BoB can be summarized as follows.

1. On days in September-October when the MJO is active and in phase 1, OSCAR derived surface currents over the
BoB are modified in reverse from their mean zonal state. For example, the OSCAR derived currents in portions of the
southern BoB become westward instead of eastward. More generally, the OSCAR ocean currents in the southernmost
portion of the BoB are modulated to favor a more westerly, statistically significant zonal component. The OSCAR cur-
rent anomalies are in response to significant zonal weakness in the southwest monsoon winds in September-October
during MJO active phase 1.

2. Ondays in September-October when the MJO is active and in phase 6, mean OSCAR derived ocean currents in the
BoB are, on average, zonally enhanced. The eastward-flowing currents in the southern BoB and the southern Anda-
man Sea are more eastward, the currents south of Bangladesh have a stronger westward component, and the EICC
has a stronger southwestward component. These zonal circulation anomalies are in response to significant subsea-
sonal strengthening of the zonal component of the southwest monsoon winds, and stand in sharp contrast with the
subseasonal wind anomalies and ocean response during September—October days in phase 1.

3. Ondays in November-December when the MJO is active and in phase 2, the current response is more muted. It is
possible this is due to the climatologically strong EICC during these months that could overwhelm smaller-magnitude
modulation from the MJO. Nevertheless, there is an apparent modulation to the circulation in the anti-clockwise gyre
north of Sri Lanka is stronger that could be in response to a subseasonally strengthened northeasterly monsoon.

4. On days in January-February when the MJO is active and in phase 4, the northward-flowing EICC is stronger, on
average, as are the southward-flowing currents over the eastern portion of the BoB. These subseasonal current
anomalies are in response to an east-west dipole pattern in meridional surface winds, with weaker northerly winds
in the western BoB and stronger northerly winds in the eastern BoB.

Itis important to note several considerations. First, statistically significant subseasonal variability of the OSCAR derived
ocean currents in the BoB is present only outside of the summer monsoon. It is possible that during the summer mon-
soon, the seasonal wind forcing overwhelms any subseasonal signal from the MJO. It is also possible that in summer
months, subseasonal variability of ocean currents may be associated with other oscillations (discussed below). However,
those possibilities are beyond the scope of this study. Second, in the months with moderate correlations between subsea-
sonal wind anomalies and subseasonal ocean anomalies, the relationship was only found in one directional component
(zonal or meridional), and in three of the four instances, it was the zonal component that was modulated. The reason for
this is unclear. Third, the magnitude of the correlation coefficients implies that subseasonal variability in the surface winds
explains up to about 15% of the variability in the surface currents, suggesting that other wind wave processes [e.g., 20]
or modes of variability may influence ocean circulation at those scales. Fourth, the OSCAR data product includes both
the geostrophic and ageostrophic (simplified Ekman and Stommel) components [49]. It is unclear whether the MJO-
driven surface wind projects more strongly onto one or the other, as the correlations reported here do not distinguish
between the two processes.

Understanding subseasonal ocean variability has important practical applications. One application of these results is
in forecasting, as the MJO now shows skillful prediction out to four weeks [58]. These results can help inform conceptual
models that project into the subseasonal time period. Another application is to motivate future research. As this is one
of the first studies to document a potential modification of the ocean currents over the BoB due to subseasonal wind
forcing from the MJO, there are multiple possible directions for follow-on studies. For example, future work is needed
to better refine the dynamic mechanisms linking subseasonal wind variability to subseasonal ocean current variability.
In addition, future research can leverage these results and explore subseasonal variability of other processes in the BoB,
such as biogeochemical responses to variability in circulation, as suggested by [42, 54, 55]. Additionally, work is needed
to better understand subseasonal variability of currents in the BoB during the summer monsoon. Two indices designed
to capture subseasonal atmospheric variability in summer, the MISO [33] and BSISO [56], should be considered. Future
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work may also consider time lags, as the relationships presented here are direct (over the five-day period of the OSCAR
observations). Modes of variability that predominate on longer time scales, particularly the Indian Ocean Dipole and the
El Nino-Southern Oscillation in the atmosphere and other wave regimes in the ocean, could also be considered alongside
the MJO, as that was outside the scope of his study. Finally, further insight into the subseasonal variability of upper-ocean
currents could be gained through analysis of other data products, including ocean reanalysis (e.g., ORASS5, [57]) or the
NASA OSCAR 2.0 product available at daily (instead of in pentad) temporal resolution.
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