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Equatorial Circulation in the Western Indian Ocean
During Onset of the 2018 Summer Monsoon and
Links to the Bay of Bengal

Robert E. Todd!

'Woods Hole Oceanographic Institution, Woods Hole, MA, USA

Abstract Cross-equator transects occupied by an underwater glider and a research vessel in the
western Indian Ocean captured the evolution of equatorial circulation during onset of the boreal summer
monsoon in 2018. At the end of the winter monsoon in March, surface currents were westward, while the
equatorial undercurrent carried salty Arabian Sea High-Salinity Water eastward. As winds transitioned
from westward to eastward during April, an eastward near-surface Wyrtki Jet developed, while the
equatorial undercurrent weakened, vanishing by May. A first-mode baroclinic Kelvin wave propagated
through the survey region after westward winds relaxed. However, the vertical structure of the evolving
circulation was inconsistent with the first baroclinic mode, suggesting the influence of higher modes in
setting observed vertical structure. The strong equatorial undercurrent at the end of the winter monsoon
allowed high-salinity waters from the western equatorial Indian Ocean to reach the southern Bay of Bengal
in summer 2018.

Plain Language Summary Circulation throughout the Indian Ocean is strongly influenced by
the twice-per-year reversal of the monsoon winds over the basin. New observations collected using both an
autonomous underwater glider and a research vessel in 2018 captured the reversal of layered currents in
the upper ocean as the northeast (winter) monsoon gave way to the southwest (summer) monsoon. From
March to May, near-surface currents switched form westward to eastward, while the eastward equatorial
undercurrent weakened and vanished. Equatorial planetary waves play a key role in propagating signals,
such as those associated with changing monsoon winds, through the equatorial oceans. An eastward
propagating Kelvin wave moving at a speed consistent with the first baroclinic mode was detected by
satellite, but the observed vertical structure of the changing currents during the monsoon transition was
inconsistent with the first baroclinic mode. Higher-mode waves are suspected to play a role in the evolution
of equatorial currents during the monsoon transition. Relatively strong subsurface flow at the end of the
winter monsoon carried salty waters originating in the Arabian Sea eastward, leading to a salty subsurface
feature in the Bay of Bengal in summer 2018.

1. Introduction

In the equatorial oceans, the basic zonal circulation consists of surface flow in the same direction as the
equatorial winds that in turn sets up a baroclinic zonal pressure gradient that drives return flow opposing the
wind along the thermocline (McPhaden, 1986; Philander, 1973). In the Pacific and Atlantic, westward trade
winds dominate, and the resulting westward surface flow and eastward equatorial undercurrents (EUCs)
are nearly always found. However, oceanic circulation throughout the Indian Ocean is largely controlled
by the Asian monsoon cycle (Schott & McCreary, 2001). During April-June and October-November, winds
over the equatorial Indian Ocean have an eastward component (Schott & McCreary, 2001), contrary to the
usual situation in the Pacific and Atlantic. This variability in zonal wind stress leads to semiannual vari-
ability in the upper ocean currents, modulated in part by propagation of equatorial waves (e.g., Iskander &
McPhaden, 2011; Nagura & McPhaden, 2010; Yuan & Han, 2006). In particular, the EUC is a transient fea-
ture in the Indian Ocean, and strong eastward Wyrtki Jets develop near the surface during intermonsoon
periods (Nagura & McPhaden, 2010; Wyrtki, 1973).

The transient nature of the EUC in the Indian Ocean has been known since the first International Indian
Ocean Experiment in 1962-1965. Measurements in June-September 1962 showed no evidence of an
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eastward EUC in the Indian Ocean (Knauss & Taft, 1963). Using observations collected in February-May
1963, Knauss and Taft (1964) first documented the Indian Ocean EUC. Swallow (1964) found a stronger
EUC during the same time period of the following year. In the ensuing decades, a variety of ship-based (e.g.,
Knox, 1974; Leetmaa & Stommel, 1980) and moored observations (e.g., Chen et al., 2015; Iskander et al.,
2009; Reppin et al., 1999) have made clear that the EUC in the Indian Ocean consistently appears in boreal
winter and spring and reappears during late summer and early fall of some years (Chen et al., 2015; Schott
& McCreary, 2001). Analyses of available in situ and remotely sensed time series combined with numeri-
cal simulations have shown that much of this variability is tied to wind-driven equatorial Kelvin waves and
Rossby waves reflected from the eastern boundary (e.g., Chen et al., 2015; Iskander et al., 2009).

Alternating monsoon-driven currents are key to maintaining the salinity balance of the northern Indian
Ocean (Lee et al., 2016) as they export saline waters from the evaporative Arabian Sea and remove freshwater
from the Bay of Bengal, which receives large riverine input (e.g., Rao & Sivakumar, 2003). Sanchez-Franks
et al. (2019) recently demonstrated that interannual variability in the strength of the EUC acts to control
salinity within a subsurface high-salinity core (HSC) in the central Bay of Bengal. In years when the EUC
is strong during the winter monsoon, Arabian Sea High-Salinity Water (ASHSW; Kumar & Prasad, 1999;
Shenoi et al., 1993; Rochford, 1964) is advected from the western equatorial Indian Ocean quickly enough
to be entrained into the Southwest Monsoon Current, which then brings the waters into the Bay of Bengal,
feeding a particularly salty HSC. In years with a weak EUC during the winter monsoon, high-salinity water
from the western equatorial Indian Ocean fails to reach the Bay of Bengal.

For roughly two decades prior to 2018, research vessel access to the northwestern Indian Ocean and Arabian
Sea was restricted due to the threat of piracy in the region. As a result, detailed, high-resolution surveys of
the equatorial circulation have been limited. Observations from moored acoustic Doppler current profilers
(ADCPs) along the equator as part of the Research Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA; McPhaden et al., 2009) provide time series of currents and water properties
directly on the equator (e.g., Chen et al., 2015; Iskander et al., 2009) but do not resolve the meridional extent
of equatorial flows and do not yet extend west of 65°E. Surface drifters from the Global Drifter Program have
provided important insights about near-surface circulation, and subsurface profiles from the Argo program
(Riser et al., 2016) have provided important broad-scale measurements. In 2016-2018, the Office of Naval
Research's “Northern Arabian Sea Circulation—autonomous research (NASCar)” Defense Research Initia-
tive (Centurioni et al., 2017) deployed a variety autonomous sampling platforms to fill the observational gap
in the northwestern Indian Ocean. Additionally, the Global Ocean Ship-Based Hydrographic Investigations
Program (GO-SHIP; Sloyan et al., 2019) program reoccupied a hydrographic line through the Arabian Sea
in 2018.

Here we present a novel set of observation from NASCar and GO-SHIP (section 2) that provide a detailed
view of the circulation in the western equatorial Indian Ocean during the spring monsoon transition of 2018
(section 3.1). We further demonstrate that a strong EUC in the western Indian Ocean during spring 2018
fed a strong HSC in the Bay of Bengal in summer 2018 (section 3.2). Section 4 then summarizes the results
and implications.

2. Observations and Reanalysis

2.1. Spray Glider Observations

Spray autonomous underwater gliders (Sherman et al., 2001; Rudnick et al., 2016) sampled the equatorial
Indian Ocean during March-May of 2017 and 2018 as part of NASCar. Observations from 2017 were pre-
sented in Centurioni et al. (2017), and our focus here is on more comprehensive observations collected in
2018. On 1 March 2018, a single Spray glider was deployed near Denis Island, Seychelles, from Seychelles
Coast Guard patrol ship Constant. The glider was piloted northeastward to 1°S, 57°40’E and then repeat-
edly occupied a cross-equator transect along 57°40’E (Figure 1a). The glider mission was purposefully timed
to capture the transition from the boreal winter (northeast) monsoon to the summer (southwest) monsoon
at the equator. The glider completed four surveys across the equator between 16 March and 17 May; the
first two extended as far north as 1°30’N, while the latter two were limited in northward extent to 0°10'N
by constraints on mission length (Figure 1c, orange). The glider was piloted back to the eastern edge of
the Mascarene Plateau, where it was recovered using Seychelles Coast Guard patrol ship Etoile on 26 June
(Figure 1a).
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Figure 1. (a) Map of the equatorial Indian Ocean near the Seychelles with locations of glider- (orange) and ship-based
(blue) observations during 2018. Dots along the track of the Ronald H. Brown indicate locations of hydrographic
stations. The 1,000-m isobath is drawn in black. (b) Map of the southwestern Bay of Bengal with locations of glider
observations during 2018 (orange). (c) Time-latitude distribution of sampling within 1.5° of the equator in 2018.

The glider carried a pumped Sea-Bird 41CP conductivity-temperature-depth (CTD) instrument, a 1-MHz
Nortek AD2CP Doppler current profiler, and a Seapoint chlorophyll fluorometer that each measured dur-
ing the ascending phase of each dive. Profiles of temperature, salinity, density, and chlorophyll fluorescence
were averaged into 10-m vertical bins following manual quality control of full-resolution (0.125 Hz, or about
0.8 m in the vertical) data. Profiles of absolute horizontal velocity were estimated from AD2CP-derived shear
and measured depth-average currents (Rudnick et al., 2018) following Todd et al. (2017), including correc-
tions for biofouling and with updates to quality control thresholds as described by Todd et al. (2018). As an
estimate of the root-mean-square accuracy of the velocity profiles, we follow Todd et al. (2017) and assume
that velocity variance should generally decrease with increasing depth; any increase in variance below a
midprofile minimum is taken to be due to errors in the velocity solution. The resulting upper bound on
root-mean-square error in velocity profiles is 0.06 m s~! for this glider mission, which is in addition to the
0(0.01) m s7! error inherent in the depth-average velocities (Rudnick et al., 2018) that profiles are con-
strained to match. Here we focus on measurements of eastward velocity, salinity, temperature, and density
from the four cross-equator transects occupied by the glider in 2018 (Figures 2a-2h).

In addition to the NASCar glider observations, we make use of hydrographic measurements from a sim-
ilarly equipped Spray glider that surveyed in the southern Bay of Bengal as part of the Office of Naval
Research-sponsored “Oceanic Control of Monsoon Intra-seasonal Oscillations in the Tropical Indian Ocean
and the Bay of Bengal (MISO-BOB)” Defense Research Initiative. That glider was deployed from R/V Thomas
G. Thompson on 29 May 2018, then primarily surveyed northward along 85°45'E from 3°8'N to 10°30’'N
before being recovered by R/V Thompson on 9 July 2018 (Figure 1b).

2.2. GO-SHIP Observations
As part of GO-SHIP, NOAA ship Ronald H. Brown occupied the I07N hydrographic line between Durban,
South Africa, and Goa, India, with a port call in Victoria, Seychelles, during April-June 2018. The ship
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Figure 2. (a—j) Cross-equator transects of (left) zonal velocity and (right) salinity in the upper 1,000 m during
March-May 2018 that were occupied by Spray gliders (a-h) and NOAA ship Ronald H. Brown (i, j) in the western
Indian Ocean. Gray contours are isopycnals with a contour interval of 1.0 kg m~2 and the 23.0 and 25.0 kg m—3
isopycnals in bold. Tick marks on the upper axes denote locations of individual profiles. Dates of each transect and
direction of platform motion are indicated in the velocity panels. The white dashed line indicates the equator in each
panel. Note the stretched vertical coordinate. (k) Salinity measured by a Spray glider along 85°45’E in the Bay of
Bengal with plot features as above except for changes in depth range and scale, salinity range, and addition of the
35.2 g kg~! isohaline in black to highlight the HSC in the Bay of Bengal.
sampled northbound across the equator near 57°15'E between 1°46’S and 2°N during 21-23 May, just after
the glider completed its last southbound transect (Figure 1b, blue). Here we use CTD profiles collected
with the vessel's Sea-Bird 9plus at 11 stations spanning the equator (Figure 1a, blue dots) and upper ocean
velocity profiles from the vessel's hull-mounted 75-kHz RDI Ocean Surveyor operating in broadband mode.
CTD profiles are binned from 1-db resolution to 10-m vertical resolution to match glider observations, and
velocity profiles are averaged to hourly resolution (Figures 2i and 2j).
2.3. Sea Surface Products
Estimates of winds at 10-m height were obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim reanalysis product (Dee et al., 2011) at a resolution of 0.75° x 0.75°. Zonal
winds within 1.5° latitude of the equator were averaged meridionally and low-pass filtered with a 20-day cut-
off period (Figure 3a). Estimates of absolute dynamic topography (ADT) on a 0.25° X 0.25° grid were obtained
from the Copernicus Marine Environment Monitoring Service (CMEMS). To highlight signals associated
TODD 4 0f 10
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Figure 3. Time-longitude plots of (a) low-pass filtered zonal winds and (b) band-passed ADT averaged within 1.5°
latitude of the equator across the Indian Ocean. In both panels, the orange line is the glider's trajectory while it was
within 1.5° latitude of the equator, the blue line is the ship's trajectory within 1.5° latitude of the equator, and the
dashed black line represents propagation of a first-mode baroclinic Kelvin wave starting at the western boundary on
10 April.

with equatorial waves, ADT within 1.5° latitude of the equator was averaged meridionally and band-pass
filtered with 20- and 180-day cutoff periods (Figure 3b).

2.4. Equatorial Sampling Relative to Monsoon Transition

The transition from winter to summer monsoon in the western equatorial Indian Ocean is marked by relax-
ation of westward zonal winds, particularly along the western boundary near 42°54’E. In 2018, zonal winds
between the African coast and the glider- and ship-based observations near 57°30'E first changed sign
around 10 April and were persistently eastward at the longitude of the glider and ship-based observations
for the remainder of the observation period (Figure 3a). The first northbound glider transect (Figures 2a and
2b) and the northern half of the first southbound transect (Figures 2c and 2d) were completed before zonal
winds changed sign. Subsequent transects were occupied after the relaxation of westward winds.

3. Results and Discussion

3.1. Equatorial Circulation During Monsoon Transition

To characterize the temporal evolution of circulation in the western equatorial Indian Ocean during onset
of the 2018 summer monsoon, we consider both distinct cross-equator transects of upper ocean properties
with no horizontal averaging (Figure 2) and profiles averaged within 0°10’ latitude of the equator and 1°N
from each transect (Figure 4). The full transects capture the meridional structure of the circulation. Averaged
profiles highlight the changing vertical structure of the circulation at intervals of 2-3 weeks.

3.1.1. Near Surface

Near-surface currents switched from westward to eastward over a period of a few weeks during the monsoon
transition. Prior to monsoon onset, near-surface currents were strongly westward with magnitudes as large
as 1.1 m s7! and extended from the surface to near the 23.0 kg m~3 isopycnal, which was typically found at
depths of 20-40 m (Figures 2a, 2c, and 4a). Near-surface currents relaxed in early April (Figure 2c), roughly
coinciding with the change in direction of zonal winds near the equator (Figure 3a). Near-surface currents
then became strongly eastward during late April and May (Figures 2e, 2g, 2i, and 4a) as the Wyrtki Jet devel-
oped. Eastward currents near the surface exceeded 1.2 m s~! south of the equator in both glider observations
(Figure 2e) and shipboard ADCP measurements (Figure 2i). From late April through May, strong eastward
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Figure 4. Temporal evolution along the equator during March-May of 2018. (a) Zonal velocity profiles averaged
between 0°10’S and 0°10’N for each transect with dashed lines at the time of each equator crossing denoting zero
velocity for each profile; a scale bar is in the lower right. Gray shading from 40 to 150 m denotes the depth range of the
EUC when present. (b) Salinity profiles averaged as in (a) with dashed lines denoting a salinity of 35.5 g kg~! for each
profile and a scale bar in the lower right. (c) Temperature-salinity curves corresponding to each equator crossing
(color) as well as for the three crossings of 1°N (black lines) and along 85°45’E in the Bay of Bengal (BoB) during

June-July 2018 (gray dots). Gray contours are isopycnals with a contour interval of 0.5 kg m~3 and the 23.0 and
25.0 kg m~3 isopycnals in bold.

flow was generally shallower than the 23.0 kg m~3 isopycnal (Figures 2e, 2g, and 2i), as were strong west-
ward flows before. However, the depth of that isopycnal was notably deeper after onset of the monsoon,
typically around 50-70 m (Figure 2).

Water properties above the 23.0 kg m~2 isopycnal changed little along the equator (Figures 4b and 4c) and
farther south (Figure 2) during March-May. However, near 1°N, near-surface waters freshened by about
0.3 g kg~! (Figure 4c, black curves) between the glider sampling in late March to early April (Figures 2b
and 2d) and the ship-based sampling in the latter part of May (Figure 2j). We note that the magnitude of this
salinity change at 1°N is much larger than 0(0.01) g kg~ difference between deep salinities measured by the
glider and by the ship (Figure 4c) and so does not result from calibration differences between instruments. It
is plausible that these eastward flowing (Figure 2i), relatively fresh waters (salinity less than 35.4 gkg™!) orig-
inated in the Bay of Bengal, were advected into the central Arabian Sea by the Northeast Monsoon Current
(Lee et al., 2016; Schott & McCreary, 2001), and subsequently entrained into the equatorial circulation.
3.1.2. Subsurface

At the end of the northeast monsoon, the EUC appeared as a well-developed, subsurface eastward cur-
rent below the westward surface flow and was generally bounded by the 23.0 and 25.0 kg m~3 isopycnals
(Figure 2a). The EUC was located at depths of 40-150 m (gray shading in Figures 4a and 4b) with a max-
imum speed of 0.95 m s~! at 70 m near 0.5°N (Figure 2a) and a peak speed of 0.77 m s™! on the equator
(Figure 4a). Eastward volume transport shallower than 180 m and between 1.5°S and 1.5°N during this time
was 15.7 Sv, in good agreement with the maximum transport of 17 Sv reported by Reppin et al. (1999) for
a similar time of year at 80°30’E. During April and May, the eastward flow of the EUC weakened and then
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March-May 2018; the dashed line denotes the equator. (c) Meridionally averaged rate of change of zonal velocity (blue)
with shallowest zero crossings of the second through eighth baroclinic modes denoted by the numbered red squares.

became indistinct from the developing eastward flow in the surface layer (Figures 2c, 2e, 2g, 2i, and 4a). By
May, flow below 100 m had reversed direction (Figures 2e, 2g, 2i, and 4a).

Eastward flow at depths of 200-500 m extended from 1°S to the northern limit of the observations during
March-April (Figures 2a and 2c), merging with the shallower EUC flow north of about 1°N. This east-
ward flow is consistent with the Equatorial Intermediate Current (EIC) described by Huang et al. (2018)
using moored observation in the eastern Indian Ocean. Like shallower flows, the EIC has been shown to
have distinct semiannual variability (Huang et al., 2018; Luyten & Roemmich, 1982); eastward flow during
March-April at 57°40'E is consistent with the phasing suggested by a reanalysis-based climatology (Huang
et al., 2018).

3.1.3. Role of Equatorial Waves

To examine whether the changes in circulation discussed above result from equatorial wave propagation, we
compute phase speeds and vertical structures for baroclinic wave modes following Gill (1982). We combine
full-depth CTD observations from the Ronald H. Brown with glider observations in the upper 1,000 m to
produce a composite full-depth profile of Brunt-Viisild frequency. We do not attempt to account for the
effects of mean zonal flows on the baroclinic modes (see McPhaden et al., 1987).

Low-pass-filtered ADT within 1.5° of latitude of the equator (Figure 3b) shows an eastward propagating wave
of elevated sea level that originated at the western boundary when the sign of the zonal wind stress changed
sign around 10 April (Figure 3a). The wave had an eastward phase speed consistent with the 2.8 m s~! speed
of the first baroclinic mode for the observed stratification (Figure 3, dashed black line), suggesting that this is
afirst-mode baroclinic Kelvin wave. The elevated sea level is consistent with both the relaxation of westward
winds leading to release of waters that had been pushed against the western boundary and the depression
of near-surface isopycnals observed in successive cross-equator transects (Figure 2). The ADT in Figure 3b
likely also includes influence from forced and reflected Rossby waves of various modes as well as reflected
Kelvin waves (e.g., Nagura & McPhaden, 2010).

Despite the arrival of a first-mode baroclinic Kelvin wave following the change in zonal winds along the
equator, the vertical structure of the observed zonal velocity changes is inconsistent with the first baroclinic
mode. Using the weighted least squares technique of Rudnick et al. (2017), we fit a time-mean (Figure 5a)
and linear trend (Figure 5b) to the the zonal velocity observations from the five cross-equator transects
(Figure 2, left). The mean zonal velocity over March-May 2018 most closely matches the two transects occu-
pied during 4 April to 5 May (Figures 2c and 2e) near the midpoint of the observing period, with lateral

TODD

7 of 10



Arru

100

AND SPACE Sl

Geophysical Research Letters 10.1029/2020GL087215

smoothing from the Gaussian weighting used in the fit (Rudnick et al., 2017). Consistent with the discus-
sion in sections 3.1.1 and 3.1.2, the linear trend in zonal velocity (Figure 5b) during March-May 2018 has
an eastward acceleration of approximately 0.02 m s~! per day from the surface to about 50 m (except near
1.5°S where it reaches to near 100 m), a westward acceleration of about 0.01 m s=! per day from about 50
to 150 m, and weaker acceleration below that. The meridionally averaged linear trend (Figure 5c, blue) has
a zero crossing at 59 m and again approaches 0 near 210 m. The shallowest zero crossing of the computed
first baroclinic mode, however, is at 1,477 m. Indeed, the mode with its shallowest estimated zero crossing
nearest to 59 m is the sixth baroclinic mode at 62 m. We note also that the second baroclinic mode, which
is resonantly forced by semiannual winds in the Indian Ocean (Jensen, 1993; Nagura & McPhaden, 2010),
crosses 0 at 208 m (Figure 5, red squares), approximately the depth at which the trend in observed zonal
velocity approaches 0.

It appears that a first-mode baroclinic Kelvin wave alone is insufficient to explain the rapid evolution of
equatorial circulation during March-May 2018. Contributions from higher vertical modes are needed to
produce the shallow sign reversal of the temporal trend in zonal velocity. Though we have neglected the
effects of mean zonal currents in our computation of baroclinic modal structure, the analysis by McPhaden
et al. (1987) indicates that the effect of including realistic zonal velocities in the normal mode computation
can shift zero crossings by O(100) m, far too little to bring the first mode into agreement with the observed
vertical structure (Figure 5c¢). Uncertainty in computed zero crossing depths for successive modes arising
from the combination of our neglect of mean flows, the 10-m vertical resolution of the observations, and
spatial and temporal variability in stratification precludes precise determination of which higher modes are
at play since their shallowest zero crossings are closely spaced (Figure 5c).

The apparent impact of higher-order modes found here is consistent with the numerical results of Chen
et al. (2015), who suggested that Modes 3-8 were important contributors to EUC evolution. Likewise,
high-vertical-mode Kelvin waves have been shown to be important in the variability of stacked jets at the
equator (Eden & Dengler, 2008) and to play a role in fluctuations of equatorial Pacific circulation during El
Nifio events (Firing et al., 1983). The phase speeds of these higher modes (ranging from about 1.1 m s~* for
Mode 3 to about 0.4 m s~! for Mode 8) are too slow for the signal of the winds changing sign at the western
boundary to reach the observation region near 57°30’E during the observation period. Though not readily
apparent in low-pass-filtered absolute dynamic topography (Figure 3b), perhaps higher-mode waves are gen-
erated locally and subsequently impact the vertical structure of the equatorial circulation changes during
the monsoon transition. Nagura and McPhaden (2010) demonstrate that sea surface height is more strongly
impacted by the first baroclinic mode than is zonal velocity. Alternatively, Eden and Dengler (2008) hypoth-
esize that instabilities in the Somali current, which reverses seasonally (e.g., Schott & McCreary, 2001), may
excite high baroclinic modes and thereby contribute the high-mode structure of equatorial currents in the
Indian Ocean.

3.2. Supply of High-Salinity Water to the Bay of Bengal by the EUC

When present, the eastward EUC in boreal spring 2018 carried waters with maximum salinity exceed-
ing 36.3 g kg™! (Figures 2b, 2d, and 4c). Found primarily north of the equator at potential densities near
24 kg m~3, these high-salinity waters most likely originated in the evaporative Arabian Sea and have prop-
erties consistent with ASHSW. Notably, our observations show evidence of ASHSW much farther south in
March-May than did the ship-based observations through 1994 that were available to Kumar and Prasad
(1999). As the EUC weakened and vanished, maximum salinities decreased by 0.2-0.5 g kg™, particularly
north of the equator (Figures 2i, 4b, and 4c).

The EUC in late March-early April 2018 was stronger and saltier than during the same period of 2017, when
the maximum speed observed by a glider was 0.75 m s~!, maximum salinity was 36.0 g kg~! (Centurioni
etal., 2017, their Figure 5), and eastward transport shallower than 180 m and from 1.5°S to 1°N (the northern
extent of observations in 2017) was only 10.7 Sv. EUC properties in 2018 are similar to those described by
Sanchez-Franks et al. (2019) in numerical simulations for the years 2007, 2014, and 2015 when the EUC
was anomalously strong during the spring intermonsoon at 65°E. However, the ENSO state as indicated by
the Oceanic Nifio Index (3-month running mean of SST anomaly in the Nifio 3.4 region) was more strongly
positive at the end of the large 2015-2016 El Nifio in March-May 2016 (+1.03) than in March-May 2017
(+0.29), contrary to the positive correlation between ENSO and Indian EUC strength a year later found by
Sanchez-Franks et al. (2019) for prior years. We note also that both March-May 2017 and March-May 2018
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were periods of weakly positive Dipole Mode Index (Saji et al., 1999) (averages of 0.56 and 0.36, respectively),
so that the state of the Indian Ocean Dipole seems unlikely to explain the differences in EUC strength and
water properties, consistent with the results of Sanchez-Franks et al. (2019).

Glider observations along 85°45'E in the southern Bay of Bengal captured a particularly salty HSC extending
to nearly 9°N by late June 2018 (Figure 2k). Salinities greater than 35.2 g kg=! were found in a roughly
30-m-thick layer centered near a depth of 110 m at the southern end of the transect and shoaling to near 70 m
in the north. The density of the HSC increased slightly from south to north, being centered on 23.0 kg m=3
isopycnal in the south and found between the 23.0 and 24.0 kg m~3 isopycnals in the north, indicating
cooling of the HSC to the north (Figure 2k). In temperature-salinity space, HSC waters observed in June
2018 were similar to waters found in the western equatorial Indian Ocean in March-May 2018 (Figure 4c).
In agreement with the mechanism posited by Sanchez-Franks et al. (2019), it seems likely that the strong
EUC in the western Indian Ocean during the spring intermonsoon of 2018 fed the HSC in the Bay of Bengal
in summer 2018. Observed O(1) m s~! speeds in the EUC (Figures 2 and 4) were sufficient to have allowed
waters to traverse the roughly 3,500 km between survey locations in the western equatorial Indian Ocean and
the southern Bay of Bengal during the approximately two months between sampling in the two locations.

4. Summary

A set of five cross-equator transects occupied by an underwater glider and a research vessel in March-May
2018 to the northeast of the Seychelles (Figure 1) provide a detailed view of circulation in the western
equatorial Indian Ocean. These new observations capture the oceanic response to the transition from the
northeast (boreal winter) monsoon to the southwest (boreal summer) monsoon in an oceanic region that
has been very sparsely observed in recent decades. Prior to the monsoon transition, currents were westward
at O(1) m s™! near the surface and similarly fast, but oppositely directed, in the EUC from 40-150 m. The
EUC carried the saltiest waters observed (Figures 2a, 2b, and 4), which likely originated in the evaporative
Arabian Sea. Over the following 1-2 months, near-surface flow reversed as a Wyrtki Jet formed, the EUC
vanished, and waters typically freshened modestly (Figures 2c-2j and 4) as the eastward zonal winds set in
during the monsoon transition (Figure 3a). The EUC in March-May 2018 was stronger than in the preced-
ing year, providing a pathway for ASHSW from the western equatorial Indian Ocean to feed the subsurface
high-salinity core observed in the southern Bay of Bengal in summer 2018 (Figures 2k and 4c) via the mech-
anism of Sanchez-Franks et al. (2019). Further observing effort is needed in the western equatorial Indian
Ocean in order characterize the full annual cycle of the circulation and to constrain interannual variability.

Although a first-mode equatorial Kelvin wave originated at the western boundary and traveled through
the observation region during the monsoon transition (Figure 3b), that wave alone could not account for
the evolution of equatorial circulation. The profile of zonal acceleration constructed from the repeat tran-
sects (Figure 5c) has a zero crossing at a depth of 59 m, much shallower than the zero crossing for the first
baroclinic mode and consistent with higher baroclinic modes. Further investigation, likely using realistic
numerical simulations constrained by observations, is needed to clarify the role of these higher baroclinic
modes during monsoon transitions.
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