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Abstract Asian summer monsoon has a planetary-scale, westward propagating “quasi-biweekly”
mode of variability with a 10-25 day period. Six years of moored observations at 18°N, 89.5°E in the north
Bay of Bengal (BoB) reveal distinct quasi-biweekly variability in sea surface salinity (SSS) during summer
and autumn, with peak-to-peak amplitude of 3-8 psu. This large-amplitude SSS variability is not due to
variations of surface freshwater flux or river runoff. We show from the moored data, satellite SSS, and
reanalyses that surface winds associated with the quasi-biweekly monsoon mode and embedded weather-
scale systems, drive SSS and coastal sea level variability in 2015 summer monsoon. When winds are calm,
geostrophic currents associated with mesoscale ocean eddies transport Ganga-Brahmaputra-Meghna river
water southward to the mooring, salinity falls, and the ocean mixed layer shallows to 1-10 m. During
active (cloudy, windy) spells of quasi-biweekly monsoon mode, directly wind-forced surface currents
carry river water away to the east and north, leading to increased salinity at the moorings, and rise of

sea level by 0.1-0.5 m along the eastern and northern boundary of the bay. During July-August 2015, a
shallow pool of low-salinity river water lies in the northeastern bay. The amplitude of a 20-day oscillation
of sea surface temperature (SST) is two times larger within the fresh pool than in the saltier ocean to the
west, although surface heat flux is nearly identical in the two regions. This is direct evidence that spatial-
temporal variations of BoB salinity influences sub-seasonal SST variations, and possibly SST-mediated
monsoon air-sea interaction.

Plain Language Summary The north Bay of Bengal (BoB) is characterized by 1-10 m deep
layer of river water, very stable density stratification, and deep isothermal layer warmed by penetration
of sunlight below the thin mixed layer. Thermodynamic structure of the upper ocean influences
intraseasonal active-break cycles of the summer monsoon and promotes intensification of postmonsoon
tropical cyclones by inhibiting storm-induced cooling of sea surface temperature. Hence, it is important
to understand the space-time variability of surface salinity in this basin. The quasi-biweekly (10-25 day)
oscillation is a prominent mode of the Asian summer monsoon, seen in winds, cloudiness, rainfall and
surface heat flux. Six years of mooring observations at 18°N in the north BoB show large amplitude

(2-8 psu) changes in surface salinity on quasi-biweekly timescales in summer and autumn. Using moored
observations, satellite data and reanalyses, we show that changes in surface winds associated with quasi-
biweekly monsoon mode and its embedded low-pressure systems drive large changes in surface salinity
and coastal sea level. We show that the response of SST to subseasonal variations of surface heat flux is
enhanced in the presence of a thin layer of river water. These observations have important implications
for regional air-sea interaction on subseasonal timescales.

1. Introduction

Surface salinity in the Bay of Bengal (BoB) has a well-defined seasonal cycle, with highest open ocean
salinity (generally in the range 33-34 psu) in spring (March-May) and lowest values (24-32 psu) during
late summer and autumn (September-November) (R. R. Rao & Sivakumar 2003; Sengupta et al., 2016).
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In an annual, areal average, it is the freshest marginal sea in the tropical oceans. Five of the world's 50
largest rivers, the Ganga-Brahmaputra-Meghna (GBM), Irrawady, Krishna, Godavari, and Mahanadi,
flow into the northern BoB; discharge from these rain-fed rivers has a pronounced summertime peak
(Dai & Trenberth, 2002; Fekete et al., 2002; Papa et al., 2010). Oceanic precipitation also has marked
seasonality—in four months during the summer monsoon season (June-September), the northern BoB
receives 1.5-2 m of rainfall. The annual excess input of freshwater from river runoff and precipitation
over evaporation is ~4,000 km? across the 2 million km” area of the Bay. Summer rain and runoff from
the GBM and the Irrawady keeps the surface salinity of the north bay relatively fresh for nearly three
seasons (Papa et al., 2012; Sengupta et al., 2006, 2016). The seasonal cycle and interannual variability
of BoB salinity has been extensively studied using in situ observations, ocean reanalyses and models
(Akhil et al., 2014; Babu et al., 2003; Benshila et al., 2014; Chaitanya et al., 2015; Diansky et al., 2006;
Murty et al., 1992; Pant et al., 2015; R. R. Rao & Sivakumar, 2003; Shenoi et al., 2002; Shetye et al., 1993,
1996; Wilson & Riser, 2016). The low-salinity surface water of the BoB has a profound influence on
regional air-sea interaction, with impacts on synoptic to intraseasonal monsoon variability across the
south Asian region.

It has been argued that the low surface salinity and shallow halocline in the BoB increases the gravitational
stability of the water column, helping to keep sea surface temperature (SST) warm, in spite of enhanced sur-
face wind stress in the summer monsoon season (Lucas et al., 2016; Sengupta et al., 2016). During the sum-
mer monsoon season, the cooling of Arabian Sea SST is distinctly larger than the cooling of BoB SST—the
warm ocean supports intense monsoon rainfall, leading to lower surface salinity in a positive feedback cycle
(Gadgil, 2003; Shenoi et al., 2002). The summertime freshwater input in the north BoB leads to a “barrier
layer” structure in late summer and autumn, with very shallow surface mixed layers (less than 10 m deep)
and a deep subsurface warm layer, created mainly by penetration of incident sunlight below the shallow
mixed layer (Prend et al., 2019; Sengupta & Ravichandran, 2001; Vinayachandran et al., 2002). While BoB
SST cools due to surface heat loss in winter, the deep warm subsurface layer persists, leading to temperature
inversions that can reach 4-5°C (Thadathil et al., 2016).

Powerful postmonsoon tropical cyclones in the north BoB lead to vertical mixing of the upper ocean down
to 50 m or so. However, little or no SST cooling is seen under the tracks of postmonsoon (October-Novem-
ber) tropical cyclones in the open ocean, mainly for two reasons: (i) the stable, shallow salinity-dominated
density stratification reduces the maximum depth of storm-induced vertical mixing, and (ii) the mixing is
confined to the nearly isothermal subsurface warm layer. It is likely that the very rapid intensification char-
acteristic of many BoB cyclones (Mohapatra et al., 2015) is related to the temperature-salinity structure of
the upper ocean (Balaguru et al., 2012; Chaudhuri et al., 2019; Neetu et al., 2012; Qiu et al., 2019; Sengupta
et al., 2008; Vincent et al., 2014).

The intraseasonal variability (ISV; 10-90 day periods) of BoB salinity is drawing increasing attention in the
last decade. Parampil et al. (2010) discovered a prominent intraseasonal signal in salinity data from Argo
floats with 5-day sampling in the central and north BoB. They showed that the observed ISV of near-surface
salinity is not a response to local freshwater forcing, that is, precipitation minus evaporation (P — E), but is
mainly due to lateral advection. Analysis of time series observations from the RAMA mooring at 15°N, 90°E
also indicates that intraseasonal variations of salinity are mainly due to lateral advection (Rao et al., 2011).
Li et al. (2017) show from experiments with the Hybrid Coordinate Ocean Model (HYCOM) that the vari-
ability of sea surface salinity (SSS) and near-surface stratification in the northern BoB on 20-90 day times-
cales is mainly due to advection by wind-driven currents and ocean eddies. Recent studies have detected
intraseasonal oscillations of SSS in satellite data. For example, Grunseich et al. (2013) find intraseasonal
oscillations with 30-90 day periods in Aquarius SSS in the equatorial Indian Ocean, forced by the Madden
Julian Oscillation (MJO). Subrahmanyam et al. (2018), Trott et al. (2019), and Roman-Stork et al. (2019) use
spectral analysis of the Soil Moisture Active Passive (SMAP) SSS data during 2015-2017 to detect variability
on 30-90 day, quasi-biweekly (10-20 day) and shorter scales in the BoB, although they do not explore the
mechanisms in any detail.

Observations show that BoB SST has large-amplitude intraseasonal oscillations which move northward in
a coherent manner with intraseasonal changes in large-scale atmospheric convection and surface heat flux
during the summer monsoon season (Sengupta et al., 2001; Vecchi & Harrison, 2002). The shallow, low
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salinity mixed layer in the north BoB favors 30-40 day SST oscillations with peak-to-peak amplitudes often
reaching 2-3°C. The SST oscillations are mainly a response to alternating positive and negative net surface
heat flux (typically +80 to —80 Wm ) associated with the active-break cycles of the summer monsoon (Par-
ampil et al., 2016; Sengupta & Ravichandran, 2001; Vialard et al., 2012), with a more modest contribution
from lateral advection (Buckley et al., 2020). From spectral analysis of Tropical Rainfall Measuring Mission
Microwave Imager (TMI) SST during the summer monsoon season, Parekh et al. (2004) found a dominant
30-60 day mode, and a secondary 8-16 day mode of variability in the BoB. They attributed the 30-60 day
SST variability to forcing by the monsoon active-break cycle, and the 8-16 day variability to convection
associated with synoptic weather systems. Distinct SST variability on quasi-biweekly timescale was noted
nearly 15 years ago, and attributed mainly to surface radiative fluxes and wind forcing (Agarwal et al., 2007;
Han et al., 2006).

The alternating episodes of warming and cooling of the north bay results in time-varying spatial gradients
of SST between the northern bay and central/southern bay—the large-scale north-south SST gradient
is thought to actively influence the slowly northward moving summer monsoon cloud and precipita-
tion bands (Fu et al., 2003; Goswami, 2012; Joseph & Sabin, 2008; Shankar et al., 2007; Vecchi & Har-
rison, 2002). Many model studies indicate that active coupling with the ocean influences the monsoon
intraseasonal oscillation, leading to more realistic structure and propagation of large-scale atmospheric
convection and rainfall (e.g., DeMott et al., 2014; Fu et al., 2007; Goswami, 2012). The modeling study
of Li et al. (2017) shows that near-surface salinity stratification in the BoB influences the evolution of
SST on intraseasonal timescales, and therefore monsoon air-sea interaction. The influence of smaller
scale variations of ocean mixed layer depth and SST gradients on air-sea interaction has just begun to
be explored. Samanta et al. (2018) used a high-resolution regional atmospheric model coupled to a slab
ocean to show that a shallow, low-salinity mixed layer in the northwestern BoB is anomalously warm,
in agreement with observations. Sensitivity experiments indicate that spatial gradients of SST on order
100 km scales can enhance seasonal mean precipitation over the Indian subcontinent through a signifi-
cant increase in intense monsoon rainfall events.

The quasi-biweekly (10-25 day period) variability of the monsoon is an integral component of tropical
ISV . The westward moving quasi-biweekly mode is associated with atmospheric moist convection in the
10°-30° latitude band in both hemispheres (Chen & Chen, 1993; Kikuchi & Wang, 2009; Krishnamurti &
Bhalme, 1976). During the boreal summer monsoon season, the quasi-biweekly mode has a zonal wave-
length of 4,000-6,000 km, and propagates westward at 4-5 m/s across the tropical Pacific and Indian oceans.
It has an equatorial Rossby wave-like double vortex structure, except that the line of symmetry between the
counter-rotating vortices generally lies at 5-15°N latitude in summer, rather than on the equator (Chatterjee
& Goswami, 2004; Chen & Chen, 1993). The quasi-biweekly mode has significant influence on the variabil-
ity of the south Asian monsoon (Fujinami et al., 2014; Krishnamurti & Bhalme, 1976) as well as summer
rainfall, winds and vorticity in the equatorial Pacific ocean, southeast Asia and the South China Sea (Chen
& Sui, 2010; Wang & Chen, 2017; Wang et al., 2009; Wang & Zhang, 2019).

In the BoB and contiguous land regions, quasi-biweekly variability has been observed in atmospheric
winds, outgoing longwave radiation, surface pressure, and rainfall in the summer monsoon season (Goswa-
mi, 2012). Cyclonic vorticity associated with the northern vortex of the quasi-biweekly mode leads to en-
hanced frequency of genesis of synoptic-scale low pressure systems in the north BoB and adjacent land
(Goswamii et al., 2003). Fujinami et al. (2014) found distinct quasi-biweekly variability in summer mon-
soon rainfall in Bangladesh, Myanmar, the BoB and eastern India, which are associated with characteristic
changes in low-level wind and vorticity anomalies.

This study focuses on the imprint of the quasi-biweekly monsoon mode on open ocean salinity and coastal
sea level in the northern BoB. We use six years of hourly data from open ocean moorings, located near
18°N, 89.5°E, nearly 500 km from the mouths of the GBM and Irrawady rivers. We use spectral analysis
of the moored surface salinity and wind observations to identify dominant timescales. We then analyse
the moored observations, in combination with satellite data and an ocean analysis dataset, to focus on the
distinct quasi-biweekly response of surface salinity to monsoon winds and ocean currents during the 2015
summer monsoon season. We show that eddy stirring and the shallow wind-driven flow provide a simple
explanation for the observed changes of surface salinity and sea level in the northern BoB. The outline of
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the paper is as follows: In Section 2, we describe the datasets used in this study. In Section 3, we present the
observed variability of winds, sea surface salinity and related quantities, based mainly on the six-year long
mooring record. A detailed analysis of quasi-biweekly variability of winds, rainfall, and sea surface salinity
and sea level during the 2015 summer monsoon is presented in Section 4. In Section 5, we discuss the ob-
served sea surface temperature response to surface heat flux in the presence of a thin, fresh layer, followed
by a summary in Section 6.

2. Data

We use hourly observations from four moorings deployed by the Indian National Center for Ocean
Information Services (INCOIS; Sengupta et al., 2016), Woods Hole Oceanographic Institution (WHOI,
Weller et al., 2016) and the National Institute of Ocean Technology (NIOT; Venkatesan et al., 2013).
The INCOIS mooring at 18°N, 89.5°E was deployed from November 6, 2009 to November 22, 2010,
and again from January 1, 2013 to December 2014. This mooring had temperature (T), salinity (S) and
current measurements at several depths in the upper 100 m; it did not carry meteorological sensors.
It was replaced by a WHOI mooring, deployed at 18.01°N, 89.45°E from December 8, 2014 to January
29, 2016. The two NIOT moorings BDO0S8 at 17.88°N, 89.67°E, and BD09 at 18.12°N, 89.67°E, have been
operational since June 2013. The distances between the INCOIS (or WHOI) mooring and the two NIOT
moorings are 21-27 km (Figure 2a). All the moorings are equipped with the Seabird SBE37 MicroCAT
CT sensors to measure temperature and salinity. The accuracy of the CT sensor is 0.002°C for temper-
ature and 0.0003 S/m for conductivity; salinity estimated from temperature and conductivity has an
accuracy of 0.02 psu.

In order to study near-surface variability of the ocean and atmosphere, we use hourly temperature and
salinity measurements at the shallowest available depth (1, 4 or 5 m) on each of the WHOI, INCOIS and
NIOT moorings; hourly surface winds measured at 3 m height on the WHOI and NIOT moorings (Gill
Instruments Wind Observer II Ultrasonic Anemometer) extrapolated to 10 m height. The shallowest ocean
currents are measured using a Nortek Aquadopp current meter at 3.5 m depth on the WHOI mooring, and
a Teledyne RDI DVS current meter at 1.2 m depth on the NIOT moorings.

We use daily discharge at the GBM river mouth estimated from in situ water level measured at two stations
(Hardinge, Ganga and Bahadurabad, Brahmaputra) and stage-discharge relationships derived from satellite
altimeter data (Papa et al., 2010; available 1995-2013). In addition, we use the following gridded datasets:
Daily SSS version 3 from the SMAP satellite, based on 8-day running mean SSS on a 0.25° spatial grid
(Fore et al., 2016; April 2015-present); daily 0.25° satellite microwave-based sea surface temperature (OI
SST) from Remote Sensing Systems (Udaya Bhaskar et al., 2013); daily 0.25° radiative fluxes from TropFlux
(Kumar et al., 2012, 1998-present); daily 0.25° rainfall from the multisatellite Tropical Rainfall Measuring
Mission (TRMM) 3B42v7 dataset (Huffman et al., 2007, 1998-present) and daily 0.25° AVISO surface geo-
strophic currents (1992-present).

In addition to moored observations and satellite data, we use selected data from atmospheric and
ocean reanalyses: Daily 850 hPa winds and surface wind stress on a 0.5° X 0.625° spatial grid from
the Modern-Era Retrospective analysis for Research and Applications Version 2 (MERRA-2) product
(Gelaro et al., 2017); and daily sea level, surface salinity (at 0.5 m depth), mixed depth estimates and
upper ocean currents from the global ocean physics analysis and forecast product (Global_Analysis_
Forecast_ PHY_001_030). The ocean analysis uses the Nucleus for European Modeling of the Ocean
(NEMO) model v3.1 with 1/12° horizontal resolution and 50 vertical levels; the temporal coverage is
1993-2018. Satellite altimeter data from AVISO, all available in situ temperature and salinity profiles
including Argo data, and Operational Sea Surface Temperature and Ice Analysis (OSTIA) SST which
comprises of in situ observations and satellite data provided by the Group for High Resolution Sea Sur-
face Temperature (GHRSST) are assimilated, and atmospheric forcing from the European Center for
Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS) is used to produce daily
analysis and 10-day forecasts each day; the daily dataset is a time average of the analysis and model
forecast. This product does not assimilate satellite SSS, and the NEMO model configuration does not
include tides (Chassignet et al., 2018).
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3. Multi-year Observations From Moorings

Surface temperature and salinity from the north BoB moorings have a marked seasonal cycle (Figures 1a—
1c; Schott & McCreary, 2009; Rao & Sivakumar, 2003). We note the main features of the seasonal cycle
of SST and SSS, as seen in the moored observations. SST warms by 5-6°C in the spring season February-
April (Sengupta et al., 2002), and cools by 4-5°C in autumn and winter, that is, mid-October to January
in most years (Figure 1b; Thadathil et al., 2016). Surface salinity is lowest in August-October due to the
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Figure 1. (a) Bay of Bengal bathymetry from ETPO2 (color; m); Ganga-Brahmaputra-Meghna (GBM), Irrawady, Mahanadi and other major rivers (cyan), and
locations of the 18°N INCOIS/WHOI and NIOT moorings (inset). Hourly time series of (b) surface temperature (°C) and (c) surface salinity (psu) from the
INCOIS mooring (18°N, 89.5°E), WHOI mooring (18.01°N, 89.45°E) and NIOT mooring BD08 (18.12°N, 89.67°E). The record extends from November 2009 to
November 2010, and January 2013 to December 2017. The shallowest depth at which measurements are available is 1 m in 2010, 2013, and 2015; 4 m in 2014,
and 5 m in 2016-2017. A mooring deployed in 2011-2012 was lost.
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arrival of low-salinity water from the GBM river at the mooring (Figure 1c; Sengupta et al., 2016; Sree
Lekha et al., 2018). Recent modeling and observational studies indicate that the low values of salinity
observed in December-February have their origin in the Andaman Sea, in particular Irrawady river
runoff (Benshila et al., 2014; Gordon et al., 2016; Sengupta et al., 2016; Shroyer et al., 2020). Surface
salinity does not exceed 35 psu at any time, but is relatively high during March-May. At this time of
the year, saltier water from the southern bay is carried to the mooring by a swift western boundary cur-
rent that leaves the coast and flows eastward to the open ocean at 17-18°N latitudes (Gangopadhayay
et al., 2013).

The moored observations show significant year-to-year changes in surface salinity. For example, the low-
est salinities in 2010 (28 psu) and 2017 (22 psu) differ by ~6 psu; the pulse of low-salinity water (salinity
less than 29 psu) persists at the mooring location for the entire month of September in 2017, considerably
longer than in other years. Interannual changes in BoB surface salinity arise mainly from year-to-year
differences in rainfall minus evaporation, the pathways of river runoff in the open ocean, and rates of
export through the open southern boundary of the BoB (Akhil et al., 2016; Durand et al., 2013). Energet-
ic, long-lived mesoscale eddies (eddy lifetimes of several months and eddy diameter 200-400 km) are an
important part of intraseasonal to seasonal-scale circulation in the northwestern BoB. Year-to-year dif-
ferences in the eddy field can influence the pathways of GBM river runoff in the northern bay (Fournier
et al., 2017; Kumar et al., 2013). Pant et al. (2015) and Chaitanya et al. (2015) show from models and ob-
servations, that interannual variability of basin-scale SSS in the BoB arises from differences in large-scale
circulation associated with positive/negative phases of the Indian Ocean Dipole mode (Saji et al., 1999;
Webster et al., 1999).

A fourteen-month long record of moored measurements at the WHOI mooring (Weller et al., 2019) show
distinct episodes when surface salinity abruptly falls by 3-8 psu in August-September and November-De-
cember 2015, upon arrival of fresh water at the mooring (Figure 2a). The maximum vertical gradient in sa-
linity in the upper 10 m is 7 psu during these episodes. Precipitation (P) peaks in the summer (or southwest)
monsoon season; the highest rainfall measured at the mooring exceeds 150 mm/day during the passage of
tropical storm Komen in late July-early August. Mean evaporation (E) is 3-4 mm/day during spring and
summer, and highest (5-6 mm/day) during the winter months (Figure 2b) because the air is dry and cool.
Although surface fresh water flux (P — E) at the mooring has energetic subseasonal variability, there is no
one-to-one relation with the low salinity events.

To set the stage for study of sub-seasonal variability of surface salinity in the BoB, we used WHOI moor-
ing observations to estimate the freshwater content (Carmack et al., 2008; Sengupta et al., 2006; Steele

S
et al., 1996) in the upper 10 m using: FWC = IOIO[I - %}dz, where S(z) is the measured salinity as

o
function of depth z, S, is reference salinity, taken as 35 psu. The freshwater content represents the amount
of pure freshwater (in meters) which would have to be mixed with 35 psu water to match the observed
depth-integrated salinity.

The freshwater balance in the upper 10 m of the ocean constructed from surface evaporation, rainfall, and
salinity data at the WHOI mooring suggests that the abrupt 3-8 psu drops in salinity in August-September
2015 cannot arise from the effect of local rainfall (Figure 2c). Freshwater content in the upper 10 m shows a
gradual decrease during January-June, in keeping with the cumulative effect of net freshwater loss from the
ocean surface. During the passage of tropical storm Komen (25 July to 2 August 2015), freshwater content
rises by 0.5 m in 4 days due to local precipitation. We show later that the three distinct pulses of freshwater
content, with amplitudes of 1.2-2 m in August-September, are due to lateral advection of GBM river water.
In November-December, arrival of low-salinity water from the Andaman Sea leads to increase of freshwater
content by 0.5-1 m (Sree Lekha et al., 2018).

3.1. Quasi-Biweekly Variability in Surface Salinity and Winds

Figure 3 shows variance preserving spectra of daily surface temperature, salinity and wind speed from
the mooring time series, and of daily GBM river discharge. The spectra estimated for individual years is
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Figure 2. (a) Hourly salinity (psu) at 0, 2.3, 6, and 10 m from the WHOI mooring (18.01°N, 89.45°E). (b) Daily TropFlux evaporation (right axis; gray, mm/
day) and daily TRMM 3B42v7 rainfall (left axis; blue bars, mm/day) at the mooring location. (c) Fresh water content in the upper 10 m (left axis; blue, m); time
integral of surface fresh water flux P-E (red, m), in three stretches starting December 20, 2014, July 1, 2015, and October 1, 2015.

shown in thin gray lines; the average of the spectra from the six individual years is in bold (Figure 3a).
The SST spectra show dominant variance at 40-60 and 10-20 day timescales, in line with previous studies
(e.g., Goswami, 2012; Han et al., 2006; Parekh et al., 2004; Sengupta & Ravichandran, 2001; Vecchi & Har-
rison, 2002). The spectra of surface salinity and wind speed, on the other hand, show a distinct peak at the
quasi-biweekly period (Figures 3b and 3c; Goswami, 2012, Subrahmanyam et al., 2018, Prend et al., 2019,
Roman-Stork et al., 2019, Paul & Sukhatme, 2020). River discharge is a major source of low-salinity water
in the open ocean of the BoB, as discussed earlier. The power spectrum of 18 years (1995-2013) of daily
GBM river discharge shows a broad peak at 30-60 day period (Figure 3d). There is little or no variance at
10-25 day period except in 1 year, 2004, when the in situ gauge measurements in Bangladesh are unreliable.
The spectra indicate that the observed quasi-biweekly variability of moored SSS cannot be attributed to
variations in river discharge.

Both surface salinity and surface temperature measured at the moorings have significant ISV (Figures 4a—
41). Mean variance preserving SST spectra estimated from daily mooring observations in May-October over
six years show distinct peaks at 20-40 and 10-20 day periods; the quasi-biweekly band contains nearly one-
third of the total 10-60 day variance (Figure 4m).
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Figure 3. Variance preserving spectra of daily moored observations of (a and b) surface temperature and surface salinity (6 years 2010, 2013-2017), (c) wind
speed (5 years, June 2011-June 2014 and June 2015-June 2017) and (d) Ganga-Brahmaputra-Meghna river discharge (18 years, January 1995-December
2013). Spectra computed using 1 year-long time series is shown in gray; the black line represents the average of the spectra for individual years and the 99%
significance curve (red) is shown. The depth of temperature and salinity sensors is the same as in Figure 1. Units on x axis is cycles per day (cpd). In variance-
preserving form, the area under the spectral curve between two frequencies is proportional to variance in that frequency band.

In summer, ISV of SST (or mixed layer temperature) in the north BoB is mainly a response to net heat input

to the mixed layer: thp assT = Qper = Opens that is, SST(£) = IBM
pCph

heat flux, and Q,., is the penetratlve flux of shortwave radiation below the mixed layer (Sengupta &

-z

Ravichandran, 2001). Q,., at depth z can be estimated from: Open (z) = OgyRe a + QSW( _ R)e@ , where

dt, where Q,, is net surface
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Figure 4. (a-f) Daily surface temperature (T) and (g-1) daily surface salinity (S) from the 18°N, 89.5°E moorings during May-October of 2010 and 2013-2017.
The depth of T and S measurements is the same as in Figures 2b and 2c. (m and n) Mean variance preserving spectra of daily T and S in May-October, averaged
over the six years of moored observations. The 99% significance curve (red) is shown in panels (m) and (n).

Qsw is the net (incident minus reflected) surface flux of shortwave radiation, R = 0.62, ¢, and ¢, are
the attenuation depths, taken as 1.5 and 20 m respectively (Paulson & Simpson, 1977), h is mixed layer
depth, C, is the specific heat, p is density of sea water and ¢ is time. Since SST effectively responds to the
time integral of heat input to the mixed layer, the SST response to heat flux having broad-band variabil-
ity is preferentially at lower frequencies. Duncan and Han (2009) have shown from satellite microwave
SST and HYCOM ocean model simulations, that the peak SST response in the northwestern Bay is at
30-90 days, although net surface heat flux has highest variance at 10-30 day scale. Unlike SST, the mean
variance preserving spectrum of May-October surface salinity (Figure 4n) has a peak at 10-30 days. In
the following sections, we study the physical mechanisms that give rise to the quasi-biweekly variability
of salinity observed at the moorings.

4. Observed Quasi-Biweekly Variability in the 2015 Summer Monsoon Season
In this section, we present results on the quasi-biweekly atmospheric mode, and relate it to the space-time
variability of near-surface salinity in the BoB during the summer of 2015.

4.1. Large-Scale Variability of Rainfall and Winds in the Northern Tropics

We begin with the large-scale, westward propagating quasi-biweekly oscillations of 2015 summer mon-
soon rainfall and winds in the tropical Pacific and Indian Ocean, as seen in satellite rainfall and reanalysis
winds.

SREE LEKHA ET AL.
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Figure 5. Hovmoller (longitude-time diagrams) over 15 July to 30 September 2015 of (a) daily TRMM 3B42v7 rainfall
(mm/day) and (b) daily MERRA2 850 hPa meridional wind Vs, (m/s), both averaged over 10°N-16°N latitude; only
northward Vs, (positive values) are shown in color and contours. The dotted line is at 90°E in the mid-Bay of Bengal.
Westward propagation speed is estimated from the slope of the white lines, which are identical in the two panels.

We construct longitude-time plots (Hovmoller diagrams) of unfiltered daily TRMM3B42 V7 rainfall and dai-
ly meridional wind at 850 hPa (Vgso) from MERRAZ2 reanalysis during July—September 2015; both quantities
are averaged over 10°N-16°N (Figure 5). The observations show periods of heavy rainfall (20-30 mm/day),
closely followed by strengthened northward Vs, (up to 8-10 m/s). The enhanced rainfall and Vgs, signals
originate near the dateline and propagate westward at 4-5 m/s across the west Pacific Ocean, into the
BoB and the Indian subcontinent; the intervals between successive episodes of enhanced rainfall and wind
(marked by the sloping lines on Figure 5) are about 12-14 and 20-22 days. Two other westward moving sig-
nals, in July (140°E-80°E) and September (180°E-140°E), have similar propagation speed. Thus, the large-
scale convective episodes have a recurrence time of 2-3 weeks in the summer of 2015, a clear manifestation
of the quasi-biweekly mode of the Asian monsoon (Chen & Chen, 1993; Krishnamurti et al., 1985).

We illustrate the space-time evolution of the quasi-biweekly monsoon mode using a sequence of daily
rainfall and 850 hPa wind maps during the September 2015 episode (Figure 6). A 10°-wide westerly
zonal jet spans over 10,000 km (70°E-170°E) on September 10, 2015, associated with a zonal band of
rainfall (Figure 6a). The core of the jet lies near 5°N in the Pacific and 10°N in the north Indian Ocean;
in the independent TRMM dataset, the heaviest rainfall (60-100 mm/day) is also seen to lie around
these latitudes. A double-vortex structure characteristic of the equatorially-trapped first meridional
mode Rossby wave is seen in the Pacific at 140°E-170°E, and also discernible in the eastern Indian
Ocean (e.g., the review of Goswami, 2012). The zonal jet at 850 hPa appears to be unstable—on 12
September, two prominent synoptic-scale (1,000-1,500 km diameter) cyclonic vortices lie on the north-
ern flank, one around 90°E and another at 115°E (Figure 6b). By 14 September, the BoB vortex has
intensified to a monsoon low-pressure system, while the eastern vortex has grown in size and intensity
over the South China Sea and adjoining land (Figure 6c). During the next four days, the BoB system
moves across central India as a deep depression (India Meteorological Department; IMD Monsoon Re-
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Figure 6. Daily TRMM 3B42v7 rainfall (mm/day; color) and MERRA2 850 hPa winds (m/s; vectors) on selected days:
10, 12, 14, and 18 September 2015. Wind vectors with magnitude less than 5 m/s are not shown. A 12 m/s reference
vector is shown in bottom panel.

port, 2015), bringing widespread rainfall to the region. Meanwhile, the eastern cyclonic system moves
from the South China Sea into the BoB, where the southwesterly wind speed at 850 hPa reaches 18 m/s
on 18-19 September (Figure 6d).

The evolution of rainfall and winds associated with the quasi-biweekly oscillation in July-August 2015 (see
Figure 5) has basic characteristics in common with the September episode: Synoptic-scale cyclonic systems
are embedded in the northern flank of the meandering, westerly monsoon flow in the east Indian Ocean
and west Pacific Ocean sectors. To its north, the westerly low-level monsoon jet (Joseph & Sijikumar, 2004)
is associated with large-scale cyclonic vorticity, favoring genesis of monsoon low-pressure systems and de-
pressions in the BoB (Goswami et al. 2003). The large-scale westerly flow sometimes extends east of 140°E
in July-August; unlike the September episode, the occasional weather system intensifies and moves north-
westward rather than westward in the western north Pacific (not shown).

4.2. Quasi-Biweekly Variability of Salinity in the Summer of 2015

In July-September 2015, salinity measured at the 18°N WHOI mooring, SMAP SSS and surface salinity
from the global ocean analysis all show three distinct low-salinity pulses, with 8-day running mean SSS
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34 L(a)

v T alternately falling and rising by 2-5 psu approximately every two weeks
(Figure 7a). Analysis and satellite SSS in July-October 2015 closely fol-

A &‘“‘ lows the moored observations—the bias of SMAP SSS relative to moor-
32} ing is 0.08 psu, and the bias of ocean analysis SSS is —0.17 psu. Surface
salinity falls (“freshening”) when water from the GBM river reaches
s 31} the mooring (Sengupta et al., 2016), and rises (“salting”) when river
30 water recedes, as we show below. The 1-5 psu difference in salinity be-
tween 1 and 18 m depths at the WHOI mooring indicates very stable
29 — e density stratification, as estimated from the Brunt-Vaisala frequency
28 ‘::’J.‘f,', ;25'“ - = - N = —8.4P where g is acceleration due to gravity, p, is the mean po-
Analysis 0.5 m S 26,014 83.45°E P, dz

zzul Aﬁg Sc;p O;t tential density of sea water, and p is density at depth z. The maximum
34 ‘ value of N estimated from mooring data is 1.8 X 107> s™'; stratification is
’ (b) ——_SMAP SSS dominated by the vertical gradient of salinity rather than temperature.
33r Analysis 0.5 m s“ Mixed layer depth ranges from less than 1 m when SSS is low, to about
327 10 m when SSS is relatively high during these freshening and salting ep-
isodes (Prend et al., 2019). The observed drop in salinity at 18 m depth
S ar A in late July could be due to low-salinity surface water mixed down-
30 7 d wards by tropical storm Komen in the north BoB (IMD, 2015; Weller
/ V et al., 2019). The SSS variability on quasi-biweekly timescale at the

29 ‘ mooring is part of larger-scale variability in the north bay (Figure 7b).

28 17°N-20°N !

88°E - 91°E Maps of SMAP SSS and AVISO geostrophic surface current vectors dur-
z.jul Aﬁg Sép O;t ing the.th.ree .freshening and salting episodes show that SSS fa?ls when
2015 low-salinity river water (dark blue shade, SSS less than 29 psu) is drawn
to the mooring (Figures 8a, 8c, and 8e) by the flow (speed 0.3-0.5 m/s)
Figure 7. (a) Eight-day running mean salinity (psu) at 1 m (black) between two counter-rotating mesoscale eddies, with centers at 16.5°N
and 18 m (blue) depth from the WHOI mooring (18.01°N, 89.45°E) 90.5°E and 18.5°N 88°E, and diameters of about 200 km and 300 km.

observations; SMAP gridded sea surface salinity (SSS; red), and salinity at
0.5 m depth from the ocean analysis (cyan) interpolated to the mooring
location during 1 July to 10 October 2015. (b) SMAP SSS (psu; red) and

Surface salinity rises when river water moves away from the mooring
(Figures 8b, 8d, and 8f). There is no major change in the flow between

salinity at 0.5 m depth from ocean analysis, spatially averaged over the two counter-rotating mesoscale eddies, other than a gradual weak-
17-20°N, 88-91°E, 1 July to 10 October 2015. ening of the eastern eddy. A nearly basin-wide cyclonic gyre to the

north of 18°N in early August (Figure 8a) gradually weakens and disap-

pears by 10 September (Figure 8e). The patch of relatively high SSS at
20°N within the pool of river water (Figure 8a) is a remnant of wind-induced vertical mixing of the upper
ocean by tropical storm Komen.

4.3. Surface Wind, Ocean Current, and Salinity

The three episodes of alternate freshening and salting observed at the WHOI mooring are directly relat-
ed to changes in surface winds in August and September: Surface salinity falls as the surface wind speed
decreases, and salinity rises when surface wind speed increases (Figure 9a). The average wind speed at
the three moorings is 2-4 m/s when surface salinity is lowest and 7-10 m/s when surface salinity is high.
Figures 9b-9d shows measured wind vectors, and ocean current vectors during periods of freshening at
the 18°N moorings. When the northward component of surface wind is weak, stirring by mesoscale eddies
draws river water to the mooring, leading to freshening. At these times, moored surface currents are gener-
ally comparable to AVISO surface geostrophic currents in magnitude and direction. During 8-11 Septem-
ber (Figure 9d), the moorings are located in a region with very weak surface and subsurface currents, just
outside two mesoscale eddies (see Figure S1). During episodes of increasing surface salinity (“salting”), the
northward component of wind is strong and a shallow, directly wind-forced Ekman current (estimated from
moored surface velocity minus 60 m velocity) with speeds of upto 0.4-0.5 m/s (Figures 9e-9g) disperses
river water to the north and east, away from the moorings (Figures 8b, 8d, and 8f). During the individual
episodes of freshening and salting, subsurface (60 m) currents associated with mesoscale eddies do not
change significantly in August, but weaken in September (Figures 9b-9g).
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Figure 8. (a-f) SMAP SSS (psu; color and contours) and AVISO geostrophic ocean current vectors on selected days during the three freshening and salting
periods in summer 2015. The WHOI mooring is marked by a pink dot; 29, 30, and 31 psu SSS contours are in white; dates are in top left of each panel; a
reference current vector is in panel (f). Current vectors with magnitude less than 0.1 m/s are not shown.

The observed changes in surface salinity at the moorings as well as in SMAP SSS are mainly due to
lateral advection by time-varying shallow ocean currents in the presence of large lateral gradients
of surface salinity. The area covered by river water (salinity less than 29 psu) rises and falls in re-
sponse to quasi-biweekly variations of surface currents driven by wind stress (Figure 8), explaining
the variations in area-averaged SSS tendency in a somewhat larger region enclosing the moorings
(Figure 7b). The three-dimensional salinity field from the ocean analysis indicates that the total vol-
ume of low-salinity water does not change on quasi-biweekly scales (see Fgure S2). It is nevertheless
possible that a part of the salinity variability is due to mixing; but this question will be addressed in
a future study.

Thus, the observations show that during active (rainy and windy) phases of the summer monsoon, shal-
low ocean currents forced by the northward component of surface wind stress carries river water to the
north and east. When the monsoon is in a quiescent (dry and calm) phase, the river water is carried
back towards the open ocean by the geostrophic flow. This basic mechanism explains the quasi-biweekly
fluctuations in area-averaged SSS in the north BoB (Figure 7b). We note that lateral and vertical mixing
may play a role in the evolution of the salinity field, but the effects of mixing do not appear to be domi-
nant on the quasi-biweekly scale in the summer of 2015 (Figure S2). Sree Lekha et al. (2018) discuss the
role of mesoscale eddies and directly wind-forced ocean currents in the dispersal of river water during
the 2013 summer monsoon season. Unlike 2015, Ekman currents led to a fall in SSS in the open ocean
(central longitudes) rather than a rise, since the main pool of river water lay in the northwestern BoB in
summer 2013. As in the summer of 2013, river water reaches the interior from the northwestern bound-
ary of the bay in 2017, due to eddy stirring as well as Ekman flow. The quasi-biweekly variability of SSS
is not prominent in 2017, since the mooring lies well within the pool of river water from 10 September
to 15 October, and the boundary between the river water and saltier ocean water is not advected past the
mooring (Figure 41).

4.4. Relation Between Surface Winds and Sea Level

Daily sea level from the global ocean analysis at Chittagong station, located at 22.27°N, 91.81°E is in good
agreement with daily in situ tide gauge data (Figure 10a). During August-September 2015, sea level at
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Figure 9. (a) Daily salinity at 1 m (blue) and surface wind speed (black) measured at 3.47 m and adjusted to 10 m height at the WHOI mooring (18.01°N,
89.45°E) during July-October 2015. Surface wind vectors (black), ocean surface currents (red) and 60 m currents (blue) at the WHOI mooring and nearby NIOT

moorings BD09 (17.88°N,

89.67°E) and BDO08 (18.15°N, 89.67°E), averaged over two inertial periods (i.e., 80 h), during the (b-d) freshening and (e-g) salting

events. The averaging dates are (b) 7-10 August, (c) 21-24 August, (d) 8-11 September in the freshening spells; and (e) 11-14 August, (f) 25-28 August, and (g)
13-16 September in the salting spells. The Ekman current, obtained by subtracting the current at 60 m depth from the surface current, is shown as gray vectors
in panels (e-g). Reference wind vector (7 m/s, black) and current vector (0.3 m/s, red) marked in panel (b).

Chittagong shows a remarkably clear variability on quasi-biweekly timescale. The in situ sea level data has
been de-tided, and the global ocean analysis does not include tides in the model configuration, so we rule
out a possible relation to the spring-neap cycle. The magnitude of surface wind stress from daily MERRA2
reanalysis, averaged over the BoB north of 17°N latitude, has a clear relation with sea level: high (low) wind
stress is associated with high (low) sea level, and the two quantities vary nearly in phase (Figure 10b). Com-
posite maps of 2-day average sea level from global ocean analysis during low-wind and high-wind events
are shown in Figures 11a and 11b.
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Figure 10. (a) Daily sea level anomaly from global ocean analysis (m; black) and tide gauge measurements (m; red)
at Chittagong (22.27°N, 91.81°E), 1 August to 30 September 2015. The locations of the Chittagong tide gauge (cyan)
and WHOI mooring (black) are shown in inset. (b) Daily sea level anomaly from global ocean analysis (m; black), and
magnitude of MERRA-2 surface wind stress (N/m? blue, right axis) averaged over the oceanic region north of 17°N, 1
August to 30 September 2015.

The mean magnitude of surface wind stress averaged over the oceanic region north of 17°N is about 0.05 N/
m” during low wind episodes, and 0.3 N/m?* during high wind episodes. Within two days of high surface
winds, sea level at the eastern boundary of the BoB rises by at least 0.1 m; along the northern boundary of
the bay, composite sea level rises by 0.2-0.3 m. When the southwesterly monsoon winds strengthen, an “Ek-
man” flow (nearly 0.4 m/s in magnitude) in the upper 15 m disperses the low-salinity river water toward the
northern and eastern boundary of the bay, raising sea level within 100-200 km of the coast (see Figrue S3).
The daily ocean analysis data shows a downwelling Kelvin wave, propagating at about 2 m/s with the coast
to its right, reaching the western boundary of the bay (the east coast of India) in about 2 days. We attempted
to track the Kelvin wave further in but could not discern a clear signature south of 18°N on the western
boundary.

5. Heat Fluxes and SST Response in the Presence of Fresh Water

SMAP and analysis data show that low-salinity river water is confined to the northeastern BoB in early
August to early September 2015, due to a persistent anticyclonic eddy and poleward geostrophic flow in the
northwestern bay (Figure 8a). A sharp boundary separates the river water from saltier water in the north-
western bay (Figures 8 and 13a).

In order to examine the relation between surface salinity and SST evolution, we consider a sub-seasonal
SST oscillation observed at the WHOI mooring in July-August 2015 (Figure 12a). Following the one-di-
mensional heat balance equation discussed in Section 3.1 (Sengupta & Ravichandran, 2001), we analyze the
response of SST to net surface heat flux (Qpe;) minus penetrative flux (Qpen) of shortwave radiation below the
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Figure 11. Composite of daily sea level from global ocean analysis (color; m) and daily surface wind stress from
MERRA-2 atmospheric reanalysis (vectors; N/m?) during (a) weak wind episodes (9 August, 23 August, 10 September)
and (b) high wind episodes (13 August, 29 August, 19 September). The sea level in each episode is a 2-day average
following the low and high wind dates. A wind stress reference vector, Chittagong tide gauge (cyan) and WHOI
mooring (black) are shown in (a); wind stress less than 0.01 N/m? in magnitude is not plotted.

mixed layer. To estimate Qy.n, We use the Paulson and Simpson (1977) relation, with a specified minimum
mixed layer depth of 5 m. The heat balance from moored observations suggests that the evolution of surface
temperature is mainly a response to the net heat input to the mixed layer (Figure 12b). Next, we construct
a similar one-dimensional heat balance in two 1° X 1° boxes, one inside the pool of river water (box 1), and
another box outside the fresh pool (box 2; Figure 13a). Average SMAP salinity within the fresh pool remains
below 30 psu from 20 July to 20 August 2015, with a minimum value of 25 psu; in contrast, SSS in the west-
ern box is in the range 31.8-33.8 psu (Figure 13b).

The multi-satellite microwave-based daily 0.25° OI SST dataset agrees with SST measured at the WHOI
mooring, except during heavy rainfall (Figure S4; Gentemann et al., 2004). We estimate the bias in OI SST
relative to the mooring and apply a bias correction to SST in box 1 (but not box 2). SST has a distinct 20-day
oscillation in box 1, and relatively modest changes in box 2. The magnitudes of SST cooling and warming
in box 1 are nearly 1°C in 7 days and 2°C in 9 days—the rate of SST cooling and warming are considerably
higher within the fresh pool than in the saltier region to the west (Figure 13c). Note that average TRMM
rainfall is comparable over the two boxes (Figure 13d); heavy rainfall exceeding 100 mm/day in the last
week of July is associated with tropical storm Komen (Weller et al., 2019).

The mixed layer depth (MLD) used to estimate the flux of shortwave radiation below the mixed layer Q,.,
is obtained from a regression between SSS and MLD from the WHOI mooring observations (Figure S5).
Both net surface heat flux (not shown) and effective heat flux have distinct quasi-biweekly variability (Fig-
ure 13e), with the ocean losing heat in the cloudy, windy phase of the monsoon and gaining heat in the
clear, calm phase. Although the amplitude of Q. variation in the salty region (—100 Wm™ to +100 Wm™)
is significantly larger than Q. variation inside the fresh pool, the rate of change of SST is higher in the pres-
ence of low-salinity surface water (Figures 13c and 13e). In other words, the presence of a thin, fresh layer
of river water enhances SST response to heat flux on the quasi-biweekly timescale.
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Figure 12. (a) Five-day running mean net heat flux (Q,.; W/m? red) and temperature at 1 m depth (°C; black) from

or
the WHOI mooring (18.01°N, 89.45°E), 20 July to 20 August 2015. (b) Temperature tendency o (°C/day; black) and

forcing W (°C/day; red). Mixed layer depth h is defined as the depth where the potential density exceeds the
PEp

1 m density by 0.125 kg/m”.

6. Summary and Conclusions

Six years of moored observations at 18°N, 89.5°E in the northern BoB, about 500 km away from the GBM
and Irrawady river mouths, reveal distinct quasi-biweekly variability of near-surface salinity and surface
winds during the southwest (or summer) monsoon season. Simple estimates based on freshwater balance
indicate that the largest salinity changes (a few psu peak-to-peak) are not due to surface freshwater flux; nor
are these changes due to subseasonal variation in freshwater discharge from the GBM river. Some of the
highest amplitude quasi-biweekly salinity variations are seen in August-September 2015: Surface salinity
measured at a cluster of three moorings rise and fall by 5-8 psu with nearly 15-day period. Sea surface salin-
ity from the SMAP satellite and an ocean analysis dataset are in agreement with the in situ measurements.
SMAP and analysis data show that river water lies in the northeastern BoB in the summer of 2015, and a
sharp boundary separates it from saltier water in the northwestern bay. We find that during periods of calm
surface winds, low-salinity water from the GBM river is carried to the moorings by geostrophic currents as-
sociated with mesoscale eddies, leading to a steep fall in surface salinity. When the southwesterly monsoon
winds strengthen, surface salinity rises at the moorings.

The observed quasi-biweekly variability in the north BoB has its origin in the tropical Pacific Ocean near
the dateline. Satellite rainfall and 850 hPa winds from reanalysis show coherent westward propagation of
the quasi-biweekly summer monsoon mode and embedded synoptic systems, at a speed of nearly 5 m/s
(Figure 5). Summer monsoon winds in the northern BoB strengthen in association with the 3,000 km-scale
northern cyclonic vortex of the quasi-biweekly Rossby wave (Goswami, 2012). Surface wind stress is highest

SREE LEKHA ET AL.

17 of 22



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016271

24
(a)

P¥Y 11-Aug-2015

20

18

16

wv
wv
wv
150 100( (@) . .
g 50
100 | &
£ & .
s " <V
c
50 o -50
-100
25 Jul 04 Aug 14 Aug 25 Jul 04 Aug 14 Aug
2015 2015

Figure 13. (a) Eight-day running mean SMAP SSS (psu; color) on August 11, 2015; two 1° X 1° boxes are marked—box
1 lies inside the pool of river water, and box 2 lies outside the low-salinity pool. (b) SMAP SSS (psu) and (c) Microwave
OI daily sea surface temperature (SST; °C), averaged over box 1 (gray) and box 2 (red). The daily OISST averaged over
box 1 is corrected for heavy rain-related bias (black) using WHOI mooring SST. (d) TRMM 3B42v7 daily rainfall (mm/
day) averaged over box 1 (black bars) and box 2 (red bars). (e) Effective heat flux Qe — Qpen (W/ m?), estimated from
daily TropFlux surface flux data and daily mixed layer depth from ocean analysis (see text), averaged over box 1 (black)
and box 2 (red).

when monsoon depressions (IMD Monsoon Report, 2015) intensify over the BoB, or when synoptic-scale
cyclonic vortices move into the bay from the northwest Pacific Ocean and South China Sea. During active
spells of the quasi-biweekly monsoon mode, a swift Ekman-like current (Sree Lekha et al., 2018) forced by
enhanced northward wind stress disperses the shallow layer of river water to the north and east, raising
sea level along the coast of Bangladesh and Myanmar by 0.1-0.5 m within 2-7 days (Figures 9-11). When
surface winds weaken, the flow associated with mesoscale ocean eddies transports river water back toward
the open ocean, and coastal sea level falls. Enhanced lateral gradients of steric height due to accumulation
of low-salinity water near the coast may also play a role in the movement of river water back toward the
central BoB—this is a question for future research.
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Finally, we present observational evidence of the influence of river water on the amplitude of sub-seasonal
SST variation. For several weeks in July—September 2015, low-salinity water of riverine origin lies in the
northeastern bay, and saltier water lies in the northwestern bay (Figures 8 and 12). We take advantage of
this distribution to compare the response of SST to large-scale heat flux within and outside the pool of river
water. The net heat flux into the mixed layer has clear 20-25 days variability in both fresh and salty regions
(peak-to-peak —100 Wm ™ to +100 Wm™>) during active and suppressed monsoon convection. SST, howev-
er, responds to heat flux with a distinctly amplified signal on quasi-biweekly timescale in the fresh region,
mainly because the mixed layer is less than 10 m deep in the presence of river water.

A narrow-band quasi-biweekly variability has been reported from the equatorial Indian Ocean—analysis
of observed ocean currents shows that equatorially trapped mixed Rossby-gravity waves are excited as a
resonant response to quasi-biweekly wind stress forcing (Miyama et al., 2006; Sengupta et al., 2004). As
mentioned earlier, recent satellite observations show quasi-biweekly variability in BoB SSS (Roman-Stork
et al., 2019; Subrahmanyam et al., 2018; Trott et al., 2019). In this study, we focus on the mechanisms that
drive quasi-biweekly variability in the north BoB. Moored measurements, satellite data and reanalyses re-
veal the close connections between the quasi-biweekly mode of the Asian summer monsoon and the varia-
tions of surface salinity, sea level, and SST.

The rapid dispersal of low salinity surface water from rivers affects the evolution of SST by modifying mixed
layer depth. This finding indicates that a more mechanistic understanding of these oceanic processes in the
BoB is crucial in improved forecasting of SST and monsoon variability. We have shown that sub-seasonal
SST response to heat flux is amplified twofold in the presence of a thin, fresh surface layer. Most coupled
ocean-atmosphere models have serious biases in the simulation of monsoon intraseasonal oscillations due
to misrepresentation of regional air-sea interaction (Li et al., 2018; Samanta et al., 2018). The observations
indicate the need for ocean models with improved representation of the shallow wind-driven currents and
thin mixed layers in the BoB.
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