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Abstract The huge freshwater flux of the Indian summer monsoon (ISM; May–October) gives rise to
strong salinity stratification in the Bay of Bengal (BoB), causing a shallow mixed layer and a thick barrier
layer, which potentially affects intraseasonal oscillations of the monsoon (MISOs). In this study, intraseasonal
variability of the mixed-layer depth (MLD) and barrier layer thickness (BLT) is investigated using in situ
observations from Argo floats and moored buoys and an ocean general circulation model (OGCM). The aver-
age MLD in the BoB is typically 20–30 m during the ISM, while the BLT increases from �10 m in May–June
to 20–40 m in September–October. MISOs induce in-phase variations in MLD and isothermal layer depth
(ILD), both of which are deepened by 8–15 m during MISO active phase, while the change of BLT is small
and within the error range of Argo data sampling. In the northern (southern) bay, BLT increases by �5 m
(2 m) during MISOs owing to a larger deepening of ILD than MLD. OGCM experiments are performed to
understand the underlying mechanism. In the BoB intraseasonal variations of MLD, ILD and BLT arise largely
from ocean internal instability, whereas those induced by MISOs are weaker. The in-phase variations of MLD
and ILD during MISOs are induced by different processes. The MLD deepening is primarily caused by wind
stress forcing, while the ILD deepening is driven by surface heat fluxes via surface cooling. The limited
variability of BLT is due to the offsetting of different forcing processes.

1. Introduction

In boreal summer, the northward propagating monsoon intraseasonal oscillation (MISO) [Yasunari, 1980;
Krishnamurti and Subrahmanyam, 1982] is the major mode of intraseasonal variability in the tropical tropo-
sphere over the Asian monsoon region. In the Indian Ocean basin, it is characterized by 30–60 day fluctua-
tions of convection and low-level winds, propagating from the equator to South Asian and Southeast Asian
region. The MISO induces prominent intraseasonal variability in the Indian summer monsoon (ISM) rainfall,
manifesting as the fluctuations between active spells with good rainfall and break spells with little rainfall
[Goswami and Ajaya Mohan, 2001; Webster et al., 2002]. The complex variability at intraseasonal timescale
brings difficulties for an accurate prediction of the ISM rainfall [e.g., Webster et al., 1998; Wang et al., 2005]
that is of supreme importance for the agricultural planning and socioeconomic activities of the large popu-
lations living in this region [e.g., Parthasarathy et al., 1994; Gadgil and Rupa Kumar, 2006; Turner and Anna-
malai, 2012]. Strong MISO events also play a major role in triggering the monsoon onset, producing the
extreme flood/drought events, and modulating the intensity and duration of the monsoon [e.g., Lau and
Yang, 1996; Annamalai and Slingo, 2001; Hoyos and Webster, 2007]. In this regard, understanding the physi-
cal processes associated with the MISO is critical for improving model simulation and prediction of the ISM
rainfall.

The importance of air-sea interaction in the MISO dynamics has been increasingly recognized in recent
researches. Covariance between sea surface temperature (SST) and atmospheric convection during MISO
events was reported by many observational studies and believed to be important for MISO evolution [e.g.,
Sengupta and Ravichandran, 2001; Sengupta et al., 2001; Vecchi and Harrison, 2002; Duvel and Vialard, 2007].
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Significant influence of SST on MISO convection was confirmed by modeling studies [Fu et al., 2002, 2003;
Rajendran and Kitoh, 2006; Seo et al., 2007; Achuthavarier and Krishnamurthy, 2011]. Taking into account
intraseasonal air-sea interaction, coupled general circulation models (GCMs) produce more realistic MISOs
in amplitude, frequency, structure, and propagation behaviors than atmosphere-only GCMs and achieve a
higher prediction skill for the ISM rainfall [e.g., Waliser et al., 2001; Fu et al., 2003, 2008; Fu and Wang, 2004;
Seo et al., 2007; Wang et al., 2009]. On its pathway from the equator to South Asia, the MISO is affected by
the underlying SST variability in the Bay of Bengal (BoB). Large-scale warm SST anomalies are usually
observed prior to the active phase of MISO, which contributes to organization of the convection system
and facilitates its northward movement [Sengupta et al., 2001; Kemball-Cook and Wang, 2001; Joseph and
Sabin, 2008]. Cool SST anomalies, on the other hand, can lead to abrupt monsoon breaks [Vecchi and Harri-
son, 2002]. These SST anomalies are however generated by complex mechanisms, involving mixed effects
of surface atmospheric forcing and ocean internal instabilities [e.g., Jochum and Murtugudde, 2005; Duncan
and Han, 2009; Vialard et al., 2012]. More effort is required to explore the upper-ocean processes controlling
intraseasonal SST variability.

With the development of the ISM, heavy rainfall and enhanced discharge of major rivers such as the
Ganges-Brahmaputra and the Irrawaddy lead to dramatic surface freshening within the BoB, from >32.0 to
<30.0 psu in sea surface salinity (SSS) [Han and McCreary, 2002; Shenoi et al., 2002; Vinayachandran et al.,
2013], resulting in sharp salinity stratification near the sea surface [e.g., Rao and Sivakumar, 2003; Sengupta
et al., 2016]. Near-surface density stratification is therefore mainly controlled by salinity, giving rise to a shal-
low surface mixed-layer depth (MLD) and a thick barrier layer [Vinayachandran et al., 2002; Thadathil et al.,
2007; Felton et al., 2014]. The salinity stratification can therefore have a twofold impact on SST. While the
shallow MLD traps the atmospheric fluxes and leads to enhanced SST variability, the barrier layer suppresses
the heat exchange between the warm mixed layer and the cold thermocline, which is essential for main-
taining the high SST and convective activity during the ISM [e.g., Sprintall and Tomczak, 1992; Shenoi et al.,
2002; Neetu et al., 2012; Thadathil et al., 2016].

Both MLD and barrier layer thickness (BLT) are important factors in determining the amplitude of intrasea-
sonal SST variability [e.g., Sengupta and Ravichandran, 2001; Schiller and Godfrey, 2003; Drushka et al., 2014;
Li et al., 2014, 2016]. Waliser et al. [2004] and Duvel and Vialard [2007] showed that strong intraseasonal SST
anomalies tend to occur in regions with a shallow MLD. Roxy et al. [2013] suggested that the MLD over the
tropical Indian Ocean modulates not only intraseasonal SST but also air-sea interaction of MISOs. Li et al.
[2016] showed that the shallow MLD in the Arabian Sea in May–July significantly enhances the intraseasonal
SST variability and thereby contributes to the strong MISO events during the ISM onset. The barrier layer
affects intraseasonal SST primarily through vertical entrainment [Schiller and Godfrey, 2003; Drushka et al.,
2014]. Duncan and Han [2009] speculated that the thick barrier layer in the BoB can reduce entrainment
cooling magnitude and thus influence SST anomalies. Despite these findings, our knowledge of the role
played by the BoB salinity stratification in MISO development remains limited and fragmental. This is to a
large extent due to the lack of observations and difficulties in model simulation. Subsurface ocean observa-
tions are rather sparse. Although pronounced intraseasonal variations in MLD and BLT are recorded by sev-
eral buoys and floats [Parampil et al., 2010; Girishkumar et al., 2011, 2013], these observations are
contaminated by strong signals of eddies and internal waves. Meanwhile, model simulation of MLD and BLT
in rainfall-rich regions is still a challenging task for the present generation of ocean GCMs (OGCMs) [e.g.,
Duncan and Han, 2009; Li et al., 2013, 2015; Felton et al., 2014; Keerthi et al., 2016]. The ability to simulate
sharp near-surface salinity stratification is dependent upon the accuracy of surface freshwater flux, vertical
resolution, parameterization schemes for turbulent mixing and double diffusion, as well as many other
aspects of the model. Large biases in tropical MLD and BLT are quite common among the ‘‘state-of-the-art’’
climate models [e.g., Turner et al., 2012; Roxy et al., 2013; Huang et al., 2014], which may cause large errors in
the simulated SST and air-sea fluxes. From this point of view, a reliable evaluation of the salinity stratifica-
tion effect on important climate modes, such as the MISO, is of interest for both the ocean and climate
research communities.

In this study we make the first attempt to provide a comprehensive investigation for the role of the BoB
salinity stratification, which is represented by the MLD and BLT, in the MISO variability, taking advantage of
the recently amassed in situ observations from the global Argo float array [Roemmich et al., 2009] and eddy-
permitting OGCM simulations forced with high-quality satellite-derived atmospheric data sets. The results
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are presented in two parts. As Part 1, this paper focuses on the MLD and BLT variations during MISO events
to reveal their spatial-temporal features and causes. Impacts of MLD and BLT on SST and convection
variabilities of the MISO are assessed in Part 2 [Li et al., 2017]. The rest of Part 1 is organized as follows. In
section 2, we introduce the observational data sets and the OGCM utilized in this study. In section 3, we
describe the observed and OGCM-simulated variations of MLD and BLT during the ISM, including both sea-
sonal evolution and intraseasonal variability, and validation of the OGCM performance. In section 4, the
OGCM experiments isolating different processes are analyzed to explore the causes of MLD and BLT variabil-
ity. Section 5 provides a summary and discussion for the primary findings of the paper.

2. Data and Model

2.1. Data and Methods
The primary data used for estimating the MLD and BLT are the Argo data profiles from January 2005
through December 2015 (before 2005 there were fewer Argo profiles), obtained from the Coriolis Global
Data Acquisition Center of France. These data have undergone automatic preprocessing and sophisticated
quality control procedures by the Argo science team [Owens and Wong, 2009]. The Argo floats measure
temperature and salinity typically from �5 to �2000 dbar every 10 days with a vertical interval of �5 dbar
near the sea surface. Obvious bad records, such as temperature falling outside the 0–358C temperature
range or 28.0–38.0 psu salinity range, were removed. Additionally, profiles meeting the criteria of (1) no
valid data in the upper 8 dbar or (2) data gaps exceeding 25 dbar in the upper 150 dbar were excluded,
which account for 4.4% of the total profile number. After the above processing, there were 32,427 usable
profiles during boreal summer (May–October) in the study region of 508E–1058E, 108S–268N (Figure 1a). The
profiles in the Arabian Sea, BoB, and eastern equatorial Indian basin are more abundant comparing to other
areas of the Indian Ocean. In the BoB interior, more than 40 profiles are available for a 18 3 18 grid box. In
the BoB box, defined over 858E–958E, 78N–218N, which is important for our investigation, there are 5147
profiles during May–October. At some grids, profile number can exceed 70, 80, or even 90. In each summer
of 2005–2015, we can find at least 2400 profiles (Figure 1b). The period of 2010–2013 witnessed an evident
increase in profile number, thanks to the increased float deployments. Regarding the seasonality, the pro-
files are approximately evenly distributed among the 6 months of May–October (Figure 1c). Over tropics
there is large day-to-night variation in near-surface stratification. Figure 1d shows the profile distribution
over the 24 h of the day, suggesting no significant bias in daytime or nighttime sampling.

For each selected profile, temperature and salinity data were linearly interpolated into 1 m vertical intervals
between 5 and 200 m. In this study, the MLD is defined as the depth at which the potential density increase

Figure 1. Distribution of Argo profiles during May–October of 2005–2015. There are in all 32,427 valid profiles in the region of 508E–1058E,
108S–268N. Figure 1a shows the Argo profile number in 18 3 18 box, Figures 1b–1d show the yearly (interannual), monthly (seasonal), and
hourly (diurnal) distributions, respectively. The black rectangle defines the BoB box (858E–958E, 78S–218N). Black triangles denote the loca-
tions of the four RAMA buoys, B1 (908E, 158N), B2 (908E, 128N), B3 (908E, 88N), and B4 (908E, 48N).
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Dr from the surface value is equivalent to a temperature decrease by DT 5 0.58C [de Boyer Mont�egut et al.,
2004],

Dr5rðTS2DT ; SS; PSÞ2r TS; SS; PSð Þ; (1)

where TS, SS, and PS are the surface values of temperature, salinity, and pressure, respectively. For profiles
with (without) the 5 m data, the 5 m (shallowest) r is taken as the surface value. The isothermal layer depth
(ILD) is defined as the depth with a temperature decrease of DT 5 0.58C from TS. The BLT is calculated as the
difference between ILD and MLD, i.e., BLT 5 ILD – MLD. For cases of ILD<MLD, BLT is set to be zero.

Besides Argo data, we also utilize the in situ measurements during 2008–2015 by four moored buoys from
the Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) array
[McPhaden et al., 2009] along 908E at 158N (B1), 128N (B2), 88N (B3), and 48N (B4) (black triangles in Figure
1a). In the upper 100 m, salinity was measured at 1, 10, 20, 40, 60, and 100 m, while temperature was mea-
sured at 1, 10, 13, 20, 40, 60, 80, and 100 m depths. These data were also vertically interpolated into 1 m
intervals, and then MLD, ILD, and BLT were computed in the same manner as for Argo data. Other ocean
and atmosphere data sets analyzed in the study include the objectively analyzed 18-grid monthly tempera-
ture and salinity climatology of World Ocean Atlas 2013 (WOA13) version 2 [Locarnini et al., 2013; Zweng
et al., 2013] for 1955–2012, the 18 3 18 daily 7 day moving-average SSS data of the Aquarius/SAC-D Com-
bined Active-Passive retrieval (CAP) version 4.0 product [Lagerloef et al., 2008; Yueh et al., 2014] for the
period of August 2011 to May 2015, the 0.258 3 0.258 daily precipitation of the Tropical Rainfall Measuring
Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) level 3B42 V7 product [Huffman et al., 2007],
the 0.258 3 0.258 daily 10 m winds from the Cross-Calibrated Multiplatform (CCMP) ocean 10 m wind vec-
tors v1.1 [Atlas et al., 2010] for 2002–2011, the 0.258 3 0.258 gridded daily surface wind fields of the
Advanced Scatterometer (ASCAT) satellite measurements [Bentamy and Croize-Fillon, 2012] for 2012–2014,
and the geostationary enhanced 18 3 18 daily shortwave and longwave radiations (SWR and LWR) products
of Clouds and the Earth’s Radiant Energy System (CERES) [Wielicki et al., 1996; Loeb et al., 2001].

2.2. HYCOM
The OGCM used in this study is the Hybrid Coordinate Ocean Model (HYCOM) version 2.2.18 [Halliwell,
2004]. HYCOM is configured to the Indian Ocean basin between 308E and 122.58E, 508S and 308N with a hor-
izontal resolution of 0.258 3 0.258 and 26 hybrid vertical layers [Li et al., 2014, 2015]. The layer thickness is
�2.9 m near the sea surface. Five degree sponge layers are applied at the western, eastern, and southern
open-ocean boundaries, where the model temperature and salinity are relaxed to the WOA climatology.
The diffusion/mixing parameters are identical to those used in Li et al. [2013]. The surface forcing fields of
HYCOM include 0.758 3 0.758 2 m air temperature and humidity from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-analysis Interim (ERA-Interim) products [Dee et al., 2011], 18 3 18 sur-
face net SWR and LWR from CERES product, precipitation of TRMM TMPA level 3B42 V7 product, and surface
wind speed and wind stress computed with CCMP v1.1 10 m winds. In our model configuration, wind speed
and wind stress are fed separately to the model. Wind stress affects the model ocean through driving
advection, upwelling, and turbulent mixing, while wind speed affects the ocean mainly through evaporation
and turbulent heat flux (latent heat flux plus sensible heat flux). Instead of prescribing, the HYCOM com-
putes evaporation and turbulent heat fluxes with wind speed, air temperature, specific humidity, and model
SST at each time step using the Coupled Ocean-Atmosphere Response Experiment (COARE 3.0) algorithm
[Kara et al., 2005]. In addition, for river discharges, we use the satellite-based monthly discharge records of
the Ganga-Brahmaputra [Papa et al., 2010] and monthly discharge data of Dai et al. [2009] for other BoB riv-
ers as the lateral freshwater flux.

The HYCOM was spun up from a state of rest for 30 years, forced with monthly climatology of the aforemen-
tioned fields. After the spin-up, the model is integrated forward from March 2000 to December 2011 with
daily atmospheric forcing, and the wind forcing is from CCMP v1.1 data. The CCMP v1.1 wind data after
December 2011 was not available when the model experiments were conducted. We therefore used ASCAT
surface winds to extend the model experiment to December 2014. We conducted a comprehensive com-
parison between the CCMP and ASCAT winds for their overlapping period (2008–2011) and found a good
consistency in variability at various timescales over the tropical Indian Ocean (figures not shown). The
2000–2014 simulation described above is named as the main run (MR), and its outputs are stored in both
daily mean and 3 day mean versions. To exclude the transient effect from the spin-up run, we discard the
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output of 2000 and 2001, and the 13 year data of 2002–2014 are used for our analysis. As shown in our
previous studies [Li et al., 2014, 2015, 2016], HYCOM MR can realistically represent the upper-layer
mean state and intraseasonal variability in the tropical Indian Ocean, including SST, SSS, and ocean circula-
tion. Therefore in this paper additional validation is carried out only for ocean stratification (MLD, BLT, ILD,
and thermocline depth) over the BoB (section 3). To understand the physical processes affecting ocean
salinity stratification, we performed another five parallel experiments for 2000–2014, which are described in
section 4.1.

3. Variations of MLD and BLT

Measurements by RAMA buoys at B1, B3, and B4 reveal pronounced variations of stratification in the
BoB, showing large-amplitude variability in MLD and ILD at both seasonal and intraseasonal timescales
(Figure 2). At B1 in the northern BoB (158N), the seasonal difference reaches 40 m in MLD and 80 m in
ILD (Figure 2a). In boreal summer, intraseasonal fluctuations of MLD and ILD, such as those seen in May–
September 2013, can also exceed 20 m. At B3 and B4 (88N and 48N), intraseasonal fluctuations larger than
20 m are also found (Figures 2b and 2c). These MLD and ILD changes lead to variations of BLT, with intrasea-
sonal spikes of 10–30 m at all the three buoys superimposed on the strong seasonal cycle (Figure 2d). The
mean state and seasonal variation are the background over which intraseasonal variability develops, and
they can affect intraseasonal variability due to nonlinear nature of the ocean stratification. Before investigat-
ing intraseasonal variability, we first briefly examine the mean state and seasonal variation of the BoB from
Argo observation and HYCOM simulation.

3.1. Mean State and Seasonal Variations
Climatological MLD, ILD, and BLT fields for the ISM season (May–October) are obtained by mapping the
Argo data samples of 2005–2015 onto 18 3 18 grids and compared with WOA13 climatology and HYCOM
MR simulation in Figure 3. The BoB is characterized by a shallow MLD (20–40 m) and a large BLT (10–30 m),
in comparison with other regions of the Indian Ocean. The three data sets are overall consistent in large-
scale structures. There are however some apparent quantitative regional differences. For MLD and ILD, the
Argo-based maps share more common features with HYCOM than with WOA13. Over most part of the trop-
ical Indian Ocean the WOA13 has shallower MLD and ILD than the other two. This could be partially due to

Figure 2. Daily salinity (color shading; in psu), MLD (dashed curve), and ILD (solid curve) measured by RAMA buoys (a) B1, (b) B3, and
(c) B4. Black triangles mark the depths of measurement sensors. (d) BLT time series (m) from B1, B3, and B4. Here MLD, ILD, and BLT were
smoothed with a 10 day running mean before plotting.
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their mismatch in time period, given that the WOA13 climatology is based on in situ observations over
1955–2012, while the other two are for 2005–2014. We therefore employed another gridded data set, the 18

3 18 monthly product based on Argo data of 2005–2012, constructed and distributed by the Asia Pacific
Data-Research Center (APDRC) of the International Pacific Research Center (IPRC) [Lebedev et al., 2007],
which adopts the same standard depth levels as WOA13. The estimated MLD and ILD using this product are
quite similar to those based on WOA13 (supporting information Figure S1), ruling out the impact of period
mismatch. To test the robustness of the results, we also adopted the 0.28C criterion for the computations of
MLD, ILD, and BLT (supporting information Figure S2). The MLD and ILD are shallower by around 5 and
10 m, respectively, than those computed with the 0.58C criterion. The spatial distributions and cross-data
differences are however not sensitive to the change in criterion. It is therefore likely that estimates based
on gridded data sets tend to underestimate the MLD and ILD over the tropical Indian Ocean, likely due to
the nonlinearity in MLD and ILD computation as pointed out by de Boyer Mont�egut et al. [2004]. This is why
estimates based on individual profile data are preferable [e.g., de Boyer Mont�egut et al., 2004, 2007; Keerthi

Figure 3. Climatologic MLD for May–October based on (a) WOA13 data, (b) Argo data of 2005–2014, and (c) HYCOM MR output of 2005–2014. Figures 3d–3f are the same as
Figures 3a–3c but for ILD, and Figures 3g–3i are for BLT.
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et al., 2013]. In the BoB, the HYCOM-simulated BLT (Figure 3i) is larger than that in observation by several
meters, mainly due to a deeper ILD (Figure 3f). Note that there are very few data available in the Andaman
Sea (east of 958E) and the coastal area along the BoB rim (Figure 1a). The simulated large BLTs in these areas
are verified by existing observational studies [Thadathil et al., 2007].

Figure 4 provides further check on the month-by-month evolution of BLT using Argo data. In the BoB the
area of large BLT gradually enlarges during the ISM. In April–May, the premonsoon spring, the BLT is below
10 m in the BoB, with larger BLTs (�20 m) occurring south of the bay near the Sumatra coast. During June–
July, as the ISM develops, BLTs of 15–20 m appear first in the northeast corner of the bay. In August, the BLT
reaches 20–30 m in the northern BoB, while in the southern bay it remains thinner than 10 m. Large BLT val-
ues are seen in most part of the bay by the decaying stage of the ISM (September–October) and continue
to grow during the postmonsoon period (November). One exceptional area is the southwestern BoB (west
of 858E), where BLT is thinner than 10 m throughout the ISM. Comparing with the Arabian Sea and the
western-to-central equatorial Indian basin, the BoB is a region of large BLT during the ISM period and ideal
for investigating the role of barrier layer in the MISO. Our analyses below are therefore focused on the BoB
interior region (858E–958E) where the mean BLT is large and Argo data sampling is sufficient.

Due to the dramatic meridional differences in MLD, ILD, and BLT in the BoB, we separately examine the
seasonal variations for the northern BoB (NBoB; 148N–218N) and southern BoB (SBoB; 78N–148N) regions
(Figure 5). The NBoB is characterized by a relatively shallower MLD (dashed curves in Figure 5a), which grad-
ually deepens from 18 m in April to �35 m in July due to the strengthening monsoonal winds, and then
rebounds to �20 m in September–October owing to the restratification by surface freshening (salinity
showed in color shading) and the decaying monsoonal winds. The ILD, which is 10 m deeper than MLD in
April–May, first follows the MLD deepening and departs from MLD afterward by staying around 45–50 m
during July–October. The BLT exhibits a monotonic increase during the ISM, from 10 m in May–June to
30 m in September. These seasonal variations are realistically reproduced by the MR simulation of HYCOM
(dashed curves). The simulated BLT tends to be larger by several meters during May–July, owing to the
slightly shallower MLD and deeper ILD. The BLT based on WOA13 climatology (red) is also plotted, and it
shows a better agreement with HYCOM. In the SBoB (Figure 5b), the MLD and ILD exhibit in-phase varia-
tions during the ISM, both of which deepen from May to September and shoal in October. The BLT shows a
slight increase from 10 m in May–July to 15 m in October. These variations are also well simulated by

Figure 4. Monthly climatology of BLT (m) for April–November based on Argo profile data. Grids without enough data samples are masked gray.
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HYCOM. Albeit with a nearly perfect simulation of MLD, the simulated BLT is larger than observation by
about 5–8 m, due to the deeper ILD. The BLT from WOA13 again agrees better with HYCOM. Although
HYCOM and WOA13 overestimate the mean BLT, seasonal variations of BLT are consistent among the three
data sets. Interestingly, in both the NBoB and SBoB the seasonal ILD variation during the ISM opposes that
of the thermocline depth, which can be represented by the 238C isotherm (Z23; black curve): ILD deepens,
while the thermocline shoals. This relationship is also captured by HYCOM. The variations of ILD and ther-
mocline depth are likely controlled by different mechanisms during the ISM season. While the thermocline
variation is primarily baroclinic wave responses to wind forcing [e.g., Han and Webster, 2002; Rao et al.,
2010; Girishkumar et al., 2013], the ILD, as will be shown in section 4, is sensitive to surface heat flux, which
affects ILD through mixing.

3.2. Intraseasonal Variability During MISO Events
We further assess the intraseasonal variations induced by MISOs. Unless otherwise noted, ‘‘intraseasonal
anomaly’’ in this study is obtained through first removing the seasonal cycle and then applying a 20–90 day
band-pass Lanczos filter. We use the intraseasonal anomaly of TRMM precipitation averaged in the BoB box
(858E–958E, 78N–218N) for the selection of MISO events (Figure 6a). Precipitation maxima exceeding one
standard deviation (STD) during May–October are identified as the convection peaks of MISOs (asterisks)
and taken as the ‘‘zero’’ day of the MISO composite. Under this criterion, there are 48 events that occurred
during 2002–2015, among which 35 occurred during the Argo observation period of 2005–2015 (red aster-
isks). We search Argo data samples located between 858E and 958E and within 30 days before and after the
MISO convection peaks (Figure 6b). The profile number generally increases with latitude. For most of the
3 day 3 18 latitude grids within the BoB (north of 78N) 10 profiles are available. By averaging these
data samples, we obtain the time-latitude plots of MLD, ILD, and BLT anomalies of the composite MISO
(Figures 7a–7c). For the MLD, ILD, and BLT anomalies here, the mean seasonal cycle is removed. The positive
precipitation anomaly, characterizing the MISO active phase, moves from the equator to the BoB and
strengthened to >10 mm d21 between 158N and 198N. Prior and subsequent to the active phase, there are
negative precipitation anomalies, characterizing the break phase of the MISO. Variations of MLD and ILD are

Figure 5. Seasonal evolution in the (a) NBoB (858E–958E, 148N–218N) and (b) SBoB (858E–958E, 78N–148N). The top figures show the depth-
time plots of monthly climatological salinity (color shading; in psu) and temperature (contours; in 8C) based on Argo profile data. The
green, pink, and black thick curves denote MLD, ILD, and the 238C isotherm (Z23; as a proxy of the thermocline depth), respectively, from
Argo data (solid) and HYCOM MR (dashed). The bottom figures compare the monthly mean BLT from Argo profile data (black), WOA13 cli-
matology (red), and HYCOM MR (green). The gray dots show the BLT samples from individual Argo profiles.
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generally similar, showing negative anomalies before and positive anomalies after the MISO convection,
indicating a deepening during the passage of the MISO. It is discernible that the deepening of ILD is larger
than MLD, as indicated by the larger positive ILD anomaly after 15 day (Figure 7b).

In comparison, the BLT anomaly pattern is much noisier (Figure 7c). The present Argo data sampling is likely
not sufficient to average out the noises of event-by-event variability and ocean eddies. Nevertheless, it is
still discernible that more negative BLT anomalies (thin BLT) occur before and during the active phase, and
more positive BLT anomalies (thick BLT) are seen after the active phase, indicative of a thickening of the bar-
rier layer by several meters throughout the MISO event. The variability patterns in HYCOM MR are much
better organized (Figures 7d–7f). A clear deepening tendency is seen in MLD and ILD during the active
phase of the MISO, with the ILD showing larger anomalies in magnitude. The simulated BLT shows negative
anomalies before and during the MISO active phase and positive anomalies during the postconvection
break phase, confirming the variations seen in the Argo composite map. In HYCOM, the BLT variations are
apparently much weaker than those of MLD and ILD.

Box averaging is able to better damp the noises by involving more data samples (Figure 8). The in-phase
relationship between MLD and ILD is clearly displayed. Both of them are shallowest when the convection
begins to develop and deepest by the end of the active phase. In the NBoB the gap between MLD and ILD
is slightly enlarged due to the larger deepening rate of ILD, which leads to a �5 m increase in BLT through-
out the MISO event (Figure 8a). Variations from Argo and HYCOM agree well. HYCOM does not replicate the
abrupt shallowing of ILD at 25 day as shown in Argo. This phenomenon is however likely induced by sam-
pling error instead of a MISO-forced signal. In the southern BoB the variations of MLD and ILD are not only
in phase but also with close amplitudes (Figure 8b). As a result, the composite BLT is maintained at �10 m
throughout the MISO both in Argo observation and HYCOM simulation. In HYCOM, the BLT is slightly
increased after 15 day by about 2 m. These BLT variations are however insignificant compared to the large
error range, and their amplitudes are also too small compared to the vertical resolution of HYCOM and Argo
observation. Strong seasonal and interannual variations in the background state are seen in Figures 2 and 4,
and event-by-event variability is also large (figure not shown). For the Argo composite, spatial sampling of

Figure 6. (a) 20–90 day TRMM precipitation in the BoB box. Orange and red asterisks denote the maxima exceeding the STD range (black
lines) occurred in 2002–2004 and 2005–2015. (b) Distribution of Argo profiles between 858E and 958E with respect to time lag (3 day inter-
val) and latitude (18 interval) for the composite MISO.
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data profiles is also a major source of error. Again variation of Z23 again has the opposite sign of ILD, as in
the case of seasonal variation shown in Figure 5. The MISO induces a shoaling of the thermocline by �8 m
in both Argo observation and HYCOM, which will be further discussed in section 4.2. Composite analysis is
also performed for the MLD, ILD, and BLT computed with the 0.28C criterion (supporting information Figure
S3). These composites show similar variability features to Figure 8 during the MISO event.

Given the low signal-to-noise ratio, the BLT variations described here require further confirmation from
another independent data source. We conduct a similar composite analysis with the data of the three
RAMA buoys within the bay (Figure 9). In general, the composite variations observed by RAMA are quite
consistent with those from HYCOM, with in-phase deepening of MLD and ILD, shoaling of Z23, and small
changes in BLT. BLT is increased by �5 m at B1 (158N) and �8 m at B2 (128N), magnitudes close to HYCOM
simulation. Note that the RAMA buoy did not observe the abrupt ILD shallowing on 25 day in Argo com-
posite (Figure 8a). The BLT increase is not even visible at B3 (88N), confirming the larger variation in NBoB
than in SBoB. The weak changes of the composite BLT is in an apparent contrast to the original BLT time
series (Figure 2d) in which intraseasonal fluctuations of 10–20 m are seen. In addition, the MLD and ILD var-
iations in Figure 2d are also dramatically larger than the composite changes. A similar phenomenon was
reported by Drushka et al. [2014]. The authors found very weak composite intraseasonal BLT variability in
the eastern equatorial Indian Ocean. To gain insight into of this issue, a comprehensive investigation for the
underlying mechanisms is required.

Figure 7. Time-latitude plots of (a) MLD, (b) ILD, and (c) BLT anomalies averaged over 858E–958E in the composite MISO (m) based on Argo profile data, which are smoothed with a
three-latitude running mean. Figures 7d–7f are the same as Figures 7a–7c, but from HYCOM MR. Black and red contours denote the positive and negative anomalies of the 20–90 day
TRMM precipitation (mm d21). Composites are based on the 30 MISO events during 2005–2014.
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4. Mechanisms of Intraseasonal Variability

4.1. HYCOM Experiments
Oceanic variability at intraseasonal timescale can be caused by various processes. To evaluate their relative
importance, five parallel HYCOM simulations are performed for the 2000–2014 period, starting from the

Figure 8. MISO composites in the (a) NBoB and (b) SBoB regions. The top figure shows the 20–90 day TRMM precipitation (blue shading)
and MLD (green), ILD (pink), and Z23 (black) from Argo data (solid) and HYCOM MR (dashed). The bottom figure shows the BLT (doted
curve) and its STD (error bar) from Argo data (red) and HYCOM MR (blue). Composites are based on the 30 MISO events during 2005–2014.

Figure 9. Top figures show the MISO composites of 20–90 day TRMM precipitation (blue shading), MLD (green), ILD (pink), and Z23 (black dashed) from RAMA buoys B1, B2, and B3, and
the bottom figures show the corresponding composite BLT and its STD. As for Figures 7 and 8, composites are conducted relative to the average 20–90 day precipitation of the BoB box
and based on the 21 MISO events during 2008–2014.
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same initial condition as MR. In the NoISO run, intraseasonal variability in the atmospheric forcing fields are
removed with a 105 day low-pass Lanczos filter, so that the ocean intraseasonal variability arises only from
the ocean internal instabilities [Jochum and Murtugudde, 2005]. The solution difference, MR – NoISO, there-
fore represents the overall forcing effect of the MISO in boreal summer. The cloud-controlled surface SWR
change is an important driver for the ocean temperature changes at intraseasonal timescale [e.g., Sengupta
et al., 2001; Duncan and Han, 2009; Vialard et al., 2012]. In the NoSWR experiment, only SWR is 105 day low-
pass filtered, so that the effect of intraseasonal SWR is removed. The difference, MR – NoSWR, represents
the SWR effect of the MISO on the ocean. Similarly, in the NoTAU experiment, wind stress is 105 day low-
passed filtered, and therefore MR – NoTAU represents the effect of wind stress-driven ocean processes,
such as horizontal advection, upwelling, and turbulent mixing. This effect is termed as the ‘‘wind stress
effect’’ hereafter. In the NoWND experiment, both wind stress and wind speed are low-pass filtered. There-
fore, NoTAU – NoWND provides an estimate for the wind speed effect on the ocean through evaporation
and turbulent heat flux QT (hereafter ‘‘wind speed effect’’). Lastly, in the NoP experiment precipitation is
low-pass filtered, and the precipitation effect is represented by MR – NoP. The 3 day mean outputs of the
five experiments for 2002–2014 are used for analysis.

4.2. Processes
We first assess the intraseasonal variability arising from ocean internal instabilities, by comparing HYCOM
simulations of MR and NoISO in the 20–90 day STD (Figure 10). Intraseasonal variations of MLD, ILD, and
BLT are stronger (STD> 10 m) in the eastern BoB and weaker (6–8 m) in the western BoB. Variations in the
eastern bay are connected to stronger signals (12–16 m) in the eastern equatorial Indian basin. Interestingly,
the STD maps from NoISO (Figures 10d–10f) are close to those of MR (Figures 10a–10c), with similar spatial
distributions and comparable magnitudes. The difference between the STDs of MR and NoISO (Figures
10g–10i) shows 3–6 m signals in the far northern part of the bay and in the western and eastern equatorial
basin, but in most part of the bay this effect is close to zero. This suggests that the large equatorial wind
anomalies of the ISOs can significantly enhance MLD and ILD variability. In the BoB region, however, the
atmospheric forcing cannot significantly enhance the pointwise intraseasonal variability of ocean stratifica-
tion. In NoISO there is no intraseasonal atmospheric forcing, and therefore variability of ocean stratification
arises predominantly from ocean internal instabilities, such as the pronounced eddy variability there [e.g.,
Gopalan et al., 2000; Kurien et al., 2010; Chen et al., 2012; Cheng et al., 2013]. This provides a plausible expla-
nation for why the RAMA buoy records show strong intraseasonal variations (Figure 2), whereas MISO com-
posite variations seen in Figures 7–9 are weak. This finding is consistent with recent observational studies
showing that mesoscale and submesoscale eddies in the BoB are a major driver of intraseasonal variations
in near-surface salinity and stratification [Parampil et al., 2010; Sengupta et al., 2016].

A large portion of the internally generated variability manifests as mesoscale signals, while the MISO-forced
variations tend to have basin-scale structures. We further examine the area-averaged intraseasonal variabil-
ity for the NBoB and SBoB regions (supporting information Figure S4), in which the mesoscale variability
has been averaged out. In the NBoB, the STDs of the 20–90 day MLD from MR and NoISO are 5.2 and 3.4 m,
while those of the 20–90 day ILD are 5.7 and 4.5 m, respectively. Similarly, in the SBoB, MR and NoISO have
MLD STDs of 4.0 and 3.0 m and ILD STDs of 5.3 and 3.8 m, respectively. The BLT STDs from the two experi-
ments are very close. Although still weaker than ocean internal variability, MISOs contribute to �20–40% of
the large-scale MLD and ILD variations in the BoB. The weak effect of MISOs on BLT is likely owing to the in-
phase relationship between MLD and ILD anomalies (Figure 8).

To gain insights into the processes through which MISOs affects the ocean stratification, hereafter we focus
on the composite MISO variability in the BoB, in which MISO-forced variability is highlighted. This composite
is performed with intraseasonal anomalies of ocean and atmospheric variables (seasonal cycle removed
and 20–90 day band-pass filtered) except for MLD, ILD, and BLT anomalies for which we only removed their
mean seasonal cycles. Figure 11a shows the composite intraseasonal anomalies of surface atmospheric
fields in the NBoB. The precipitation minimum, representing the break phase of the MISO, occurs at 212
day and is accompanied by weak winds, enhanced downward SWR, and positive downward QT anomaly
(indicating reduced cooling for the ocean due to weak winds). In HYCOM there is net surface heat flux Qnet

in model output, and the downward QT can be estimated simply as QT 5 Qnet – SWR – LWR. As the MISO
convection develops from 212 day to 12 day with increasing rainfall, the convective cloud blocks SWR,
and the strengthening surface wind speed leads to negative QT anomaly (enhanced cooling for the ocean).
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Note that LWR anomaly is much smaller in magnitude than SWR and QT and out of phase with them, so
that its influence on the ocean is quite small. Alternatively, SWR and QT anomalies are comparably large
(20–30 W m22) and in phase, they together lead to a warming of 0.1–0.48C in the upper 30 m during the
break phase of MISO and a strong cooling during the active phase (Figure 11b). Anomalies in ocean salinity
are as large as 0.2 psu. It is somewhat surprising that high salinities occur roughly with precipitation peak,
which challenges our conventional understanding for their relationship. If salinity change is dominated by
precipitation, the two should exhibit a quadrature phase relationship, with enhanced (reduced) precipita-
tion leading negative (positive) salinity anomaly.

To confirm the simulated salinity variability, we performed a similar composite with Aquarius SSS data,
which also showed a roughly in-phase relationship with TRMM precipitation in the NBoB region (gray curve
in Figure 11c), although its anomaly magnitude is larger by �30% than HYCOM MR (black). The weaker SSS
anomaly in HYCOM may be attributed to three reasons. First, as discussed in previous studies [e.g., Li et al.,
2015; Song et al., 2015], satellite SSS represents the skin-layer salinity and tends to have larger variability
than bulk salinity from in situ observation and model simulation; second, our HYCOM simulations, using
monthly river discharge, do not resolve the intraseasonal variability of river freshwater input which could be
influential in the NBoB area; third, the vertical resolution of HYCOM in the near-surface layer is still not suffi-
ciently fine to fully resolve the sharp salinity stratification near the northern boundary of the bay [e.g.,

Figure 10. STDs of the 20–90 day band-pass filtered (a) MLD, (b) ILD, and (c) BLT during May–October of 2002–2014 from HYCOM MR experiment. Figures 10d–10f are the same as Fig-
ures 10a–10c but from NoISO experiment.
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Sengupta et al., 2016]. The incoherent intraseasonal variability of precipitation and SSS were also observed
in the eastern Indian Ocean and western Pacific Ocean [Guan et al., 2014]. Data analysis and model experi-
ments demonstrate that these large-scale intraseasonal SSS anomalies are produced by ocean current
advection driven by intraseasonal winds and therefore do not follow the freshwater flux changes [Matthews
et al., 2010; Li et al., 2015; Li and Han, 2016].

The model results demonstrate that in the NBoB, winds rather than precipitation drive the SSS anomalies
during MISO events. The wind stress effect, as measured by the MR – NoTAU solution, produces strong SSS
anomalies (blue curve in Figure 11c) that basically dominate the total SSS. By contrast, the precipitation
effect on SSS (green), measured by MR – NoP, is smaller and roughly out of phase with the total and wind
stress-driven SSS anomalies. Note that the SSS anomaly produced by precipitation indeed lags precipitation
anomaly by several days. Since wind stress-driven SSS anomaly is larger in magnitude, it overcomes the pre-
cipitation effect and dominates the total SSS anomaly.

The wind stress effect on SSS can be understood by considering the horizontal salinity advection of anoma-
lous surface currents (Figure 12). For instance, the wind stress anomaly pattern during the preconvection
break phase (Figure 12a), implying a weakening of the southwesterly monsoon, induces prevailing west-
ward surface current anomalies in the BoB (Figure 12b), probably in forms of both Ekman and geostrophic

Figure 11. MISO composite for the NBoB region: (a) intraseasonal surface fluxes, including TRMM precipitation (green), observed wind
speed (blue), SWR (red), and LWR (cyan) from CERES, and turbulent heat flux QT (brown) from MR; (b) intraseasonal temperature (8C) and
salinity anomaly profiles in MR; (c) intraseasonal SSS from Aquarius data (gray), MR (black), MR – NoTAU (blue; wind stress effect), and MR –
NoP (green; precipitation effect); (d) MLD, (e) ILD, and (f) BLT anomalies from MR (black), MR – SWR (red; SWR effect), MR – NoTAU (blue),
MR – NoP (green), and NoTAU – NoWND (brown; wind speed effect). Composites are based on the 43 MISO events during 2002–2014,
except for the Aquarius SSS which is based on 13 events during 2011–2015.
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currents. These anomalous currents transport the fresh water from the coastal area along the northeast
boundary, which is mainly formed by the discharge of Ganges-Brahmaputra and the Irrawaddy, to the bay
interior and leads to a basin-wide surface freshening (Figure 12c). The opposite scenario occurs during and
after the convection peak. Strengthening of the southwesterly monsoon (Figure 12d) induces eastward sur-
face currents (Figure 2e), which carries the saltier water in the southwest bay eastward and leads to a basin-
wide salinity rise (Figure 2f). Note that in response to wind stress forcing, an anticyclonic gyre is formed in
the NBoB region in the preconvection break phase (Figure 12b), while a cyclonic gyre is seen there after the
convection peak (Figure 12c). This explains the thermocline shoaling during the MISO (recall Figures 8 and
9) and confirms the notion that thermocline depth variations in the BoB are primarily baroclinic wave
responses to wind forcing [Rao et al., 2010; Girishkumar et al., 2013].

The multivariate atmospheric forcing of the MISO has a complex effect on ocean stratification. Figure 11d
shows the composite MLD anomaly induced by different effects. The �6 m increase of MLD from 29 to 19
day in MR is primarily driven by wind stress effect (MR – NoTAU) which induces a �5.5 m increase. Wind
stress controls ocean near-surface turbulent mixing by stirring. Weak (strong) wind stress at the break
(active) phase (Figure 11a) fuels less (more) kinetic energy for ocean turbulent mixing near the sea surface,
and leads to a shallow (deep) MLD. Another effect of wind stress is through ocean salinity. Wind stress-
produced surface freshening (salinity rise) at the break (active) phase, as shown in Figure 11c, is fundamen-
tal for maintaining the shallow (deep) MLD. We are however unable to separate the two effects of wind
stress and evaluate their relative importance. Surface buoyancy forcing by heat fluxes also has significant
contribution to MLD change. During the preevent break phase, surface warming by SWR (red; measured by
MR – NoSWR) and wind speed-controlled QT (brown; measured by NoTAU – NoWND) reduce the surface
water density and thus entrainment, helping to maintain the shallow MLD. By contrast, during the active
phase their strong cooling effect deepens the MLD. The contribution of precipitation to MLD change is

Figure 12. Intraseasonal anomalies of the MISO composite for the NBoB region: (a) TRMM precipitation (color shading) and observed wind stress (vectors) at 214 day, (b) surface current
in MR – NoTAU at 210 day (vectors), and (c) SSS in MR – NoTAU at 28 day. Figures 12d–12f are the same as Figures 12a–12c but at 0 day, 14 day, and 16 day, respectively. The color
shading in Figures 12b and 12e is climatologic mean SSS in MR for the ISM season.
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negative, which can be understood by considering its impact on SSS. The increasing rainfall during the tran-
sition from break to active phase leads to surface freshening (precipitation effect on SSS in Figure 11c),
stronger stratification and weakened entrainment, favoring the MLD shoaling. The contributions of SWR
and QT to the MLD increase from 29 to 19 day are 1.7 and 1.8 m, respectively, much smaller than wind
stress effect.

Unlike MLD or the thermocline depth, the ILD change is primarily controlled by heat fluxes, with SWR and
QT having roughly equal contributions (Figure 11e). Wind stress also contributes to the ILD deepening, and
this effect is smaller than that due to heat flux. Precipitation has no significant effect on ILD. Since different
processes control the MLD and ILD changes, the cause for BLT variation is rather complicated (Figure 11f).
The two types of heat fluxes, SWR and QT, contribute to the BLT expansion, due to their large impact on ILD
deepening. Precipitation of the MISO convection also helps in the growth of BLT by freshening the sea sur-
face and shoaling the MLD. These effects are however partly offset by wind stress, which induces a quick
deepening of the MLD and thereby reduces the BLT. This offsetting effect is likely responsible for the weak
BLT change during the MISO.

In comparison, the composite variations in the SBoB are weaker (Figure 13a). Anomalies of precipitation
and SWR during the active phase are 124 mm d21 and 225 W m22 smaller in magnitude than the
146 mm d21 and 233 W m22 in the NBoB by �40%. Interestingly, despite weaker convection and radiative
flux, wind and QT anomalies are as large as those in the NBoB. Temperature and salinity anomaly structures
(Figure 13b) are similar to those in the NBoB but with only half of the magnitudes. Again surface salinity
changes are dominated by wind stress forcing, which overcomes the opposite effect by precipitation

Figure 13. The same as Figure 11 but for the SBoB region.
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(Figure 13c). Instead of the domination by wind stress, the MLD change in the SBoB is driven by both wind
stress and wind speed-controlled QT (Figure 13d). On the other hand, the ILD deepening is mainly contrib-
uted by SWR and QT, with the QT effect being larger (Figure 13e). Note that the large ILD between 0 and
110 day also benefits from precipitation. This process is imposed through MLD. Enhanced rainfall leads to
surface freshening and MLD shoaling (green curves in Figures 13c and 13d), which can further strengthen
the surface cooling (Figure 13b) induced by heat fluxes and thereby contribute to the deep ILD. The BLT
change in the SBoB is too weak to clarify the dominant driver, but an offset between wind stress effect and
the others is clearly seen again (Figure 13f). Results in Figures 11 and 13 suggest that MISOs modulate the
BoB stratification structure via a complex mechanism. Although the MLD and ILD show in-phase variations,
they are in fact controlled by different processes. Wind stress dominates MLD change by affecting turbulent
mixing and SSS, while heat fluxes, particularly SWR and wind speed-controlled QT, are the main drivers of
ILD change. Meanwhile, wind stress effect on BLT is opposite to those of heat fluxes, and this offsetting is
responsible for the limited BLT change during the MISO.

5. Summary and Discussion

The ISM during May–October brings a huge amount of freshwater flux into the BoB in forms of heavy rain-
fall and enhanced discharges of the major rivers such as the Ganges-Brahmaputra and the Irrawaddy. The
freshwater flux gives rise to sharp near-surface salinity stratification in the BoB, characterized by a shallower
MLD and a thicker barrier layer than other areas of the Indian Ocean basin. The BoB also locates on the
pathway of the northward propagating MISO, i.e., the dominant variability mode of the ISM at intraseasonal
timescale. The roles played by the MLD and BLT of the BoB in the MISO are however rarely investigated. As
the first part of the investigation, this paper provides a comprehensive investigation for the intraseasonal
variability of MLD and BLT, exploring the spatial-temporal characteristics and driving mechanisms, using the
recently accumulated in situ observations and HYCOM simulations forced with satellite atmospheric data
sets.

During the ISM, the BoB has a shallow MLD of �20 m in the north and a deeper one (30–40 m) in the south,
and by contrast its mean barrier layer is thicker in the north (20–30 m) and thinner in the south (10–15 m).
Intraseasonal variability of MLD and BLT rides over a strong seasonal cycle, in which the MLD shows a
shallow-deep-shallow evolution during the ISM and meanwhile the BLT monotonically increases from
�10 m in May to 20–40 m in September–October. Composite analysis for the MISO with Argo data and
HYCOM result reveals that during the passage of the MISO both MLD and ILD are deepened by 8–15 m.
Due to this in-phase relationship between MLD and ILD, the composite BLT change is rather small. In the
northern bay (148N–218N) the BLT is increased by about 5 m by the MISO, owing to a larger deepening of
ILD than MLD. In the southern bay (78N–148N) the composite BLT is increased by only �2 m. These changes
are however within the error range of Argo data sampling and Argo floats’ measurement resolution. The
composite BLT change is also small compared with the event-by-event spread in HYCOM simulation. These
results are confirmed by a composite analysis with RAMA buoy measurements.

Since the HYCOM is able to realistically simulate the observed mean state, seasonal cycle, and MISO-
induced intraseasonal variability of the ocean stratification, we further explore the underlying processes
with HYCOM experiments. A comparison between MR and NoISO suggests that in the BoB the pointwise
intraseasonal variations of MLD, ILD, and BLT are predominantly signatures of ocean internal instabilities,
such as the pronounced mesoscale eddies in this region. This explains the much stronger fluctuations in
the records of RAMA buoy measurements than in MISO composites. Ocean internal instability also has
larger impact on the large-scale (box-averaged) ocean salinity stratification variability in the BoB than MISO
forcing, with the latter contributing by 20–40% to the total intraseasonal variability of MLD and ILD.

Further analysis reveals that the in-phase variations of MLD and ILD are induced by different processes. The
MLD deepening is primarily driven by wind stress forcing via enhancing turbulent mixing and raising sur-
face salinity, and it is secondarily contributed by surface heat fluxes through surface cooling. The heat flux
forcing, specifically reduced shortwave radiation and enhanced upward QT, is the main cause for the ILD
deepening. The effects of wind stress and precipitation on ILD are relatively small. The BLT change is there-
fore produced under the mixed effect of different processes. The surface cooling by heat fluxes acts to
enlarge BLT by deepening the ILD. This change is supported by precipitation that shoals the MLD through
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surface freshening (as indicated by the SSS anomaly from MR – NoP solution in Figures 11c and 13c). How-
ever, this combined effort is greatly offset by wind stress effect, which deepens the MLD and thereby
reduces the BLT. As a result, the BLT change is rather limited.

The ILD change is opposite to the thermocline depth change which shows a shoaling during the MISO. This
is not in line with our conventional understanding that the ILD can be considered as the top of the thermo-
cline, and its variability should be in phase with the thermocline fluctuation. For example, in the BoB region,
intraseasonal ILD variations observed at RAMA buoys largely follows the thermocline depth [Girishkumar
et al., 2011]. This discrepancy can be reconciled here. As indicated in our results, the pointwise intraseasonal
variability of ILD, such as that observed by a moored buoy, is largely manifestations of mesoscale eddies or
otherwise wind stress-forced baroclinic waves [e.g., Girishkumar et al., 2011]. In these adiabatic ocean pro-
cesses, both the thermocline and ILD are modulated by vertical stretching of the upper-ocean water col-
umn, which leads to in-phase variations of the two. For MISO-induced intraseasonal variability, the ILD is
controlled by diabetic ocean processes, i.e., the response of the ocean boundary layer to the strong surface
warming/cooling from the atmosphere, whereas the change in thermocline depth is still largely the ocean
wave adjustment to wind forcing, as indicated by Figures 12b and 12e. Our results reveal a high complexity
of the ocean salinity stratification variability, which reminds caution for the future research.

Our simulation underestimates intraseasonal SSS anomaly in the northern bay, as compared with Aquarius
data (Figure 11c), and the bias is much smaller in the southern bay (Figure 13c). This indicates a possible
impact of intraseasonal river discharge of Ganga-Brahmaputra. Yet observational river discharge estimate at
daily interval is still unavailable, which hinders a more realistic simulation of ocean salinity intraseasonal var-
iability. Another potentially influential factor is the model resolution. Insufficient model resolution precludes
some physical processes. Particularly, observed salinity profile is of complicated structure near the sea sur-
face [e.g., Felton et al., 2014; Song et al., 2015; Drushka et al., 2016], which cannot be properly reproduced by
the present vertical resolution (�2.9 m for the top layer). In addition, mesoscale eddies and submesoscale
filaments are also important in modulating intraseasonal salinity variability in the far northern part of the
bay [Parampil et al., 2010; Sengupta et al., 2016], requiring finer horizontal and vertical resolutions to take
into account. Improvements in both in situ observation and numerical models are required to provide a
more accurate interpretation of the complex salinity-related ocean processes in this region. Nevertheless,
the present paper provides the first reliable understanding for the large-scale intraseasonal variability of
MLD and BLT in the BoB, which builds a solid foundation for exploring the ocean salinity stratification’s
effect on MISO variability. Whether and to what extent the shallow MLD and large BLT can affect SST and
convection of the MISO is of great interest for both the scientific community and the society. This effect will
be investigated in Part 2 of the study.
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