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Abstract

Preparis Channel is the very important exchange path of energy and materials between the northern Bay of
Bengal and Andaman Sea (AS). A set of hydrographic measurements, a microstructure profiler, and a deep
mooring were used to determine the characteristics of water masses, turbulent mixing, and flows in the Preparis
Channel. The unprecedented short-term mooring data reveal that a deep current in the deep narrow passage
(below 400 m) of the Preparis Channel flows toward the Bay of Bengal (BoB) with a mean along-stream velocity of
25.26 cm/s at depth of 540 m; above the deep current, there are a relatively weak current flows toward the AS with
a mean along-stream velocity of 15.46 cm/s between 500 m and 520 m, and another weak current flows toward the
BoB between 430 m and 500 m. Thus, a sandwiched vertical structure of deep currents (below 400 m) is present in
the Preparis Channel. The volume transport below 400 m is 0.06 Sv (1 Sv = 10® m3/s) from the AS to the BoB. In the
upper layer (shallower than 300 m), the sea water of the AS is relatively warmer and fresher than that in the BoB,
indicating a strong exchange through the channel. Microstructure profiler observations reveal that the turbulent
diffusivity in the upper layer of the Preparis Channel reaches O(10-* m?/s), one order larger than that in the
interior of the BoB and over the continental slope of the northern AS. We speculate that energetic high-mode
internal tides in the Preparis Channel contribute to elevated turbulent mixing. In addition, a local “hotspot” of
turbidity is identified at the deep mooring site, at depth of about 100 m, which corresponds to the location of
elevated turbulent mixing in the Preparis Channel.
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1 Introduction

The Andaman Sea (AS) is a semi-enclosed marginal sea loc-
ated in the northeastern part of the tropical Indian Ocean, and is
connected to the Bay of Bengal (BoB) through three major chan-
nels: the Preparis Channel, the Ten Degree Channel, and the
Great Channel (Fig. 1a). Previous studies revealed that equatori-
al signals induced by wind forcing in the equatorial Indian Ocean
could enter the AS through the Great Channel and exit via the
Preparis Channel, and subsequently radiate free Rossby waves
into the BoB, which exert strong effect on the interior circulation
in the BoB (Cheng et al., 2013; Chatterjee et al., 2017). In addi-
tion, backward eddy tracking in the BoB suggested that most of
eddies (especially at 15°N) originated in the vicinity of the Pre-
paris Channel, and strong subsurface current was also found to

flow into the BoB through the Preparis Channel in a well-valid-
ated model (Jithin and Francis, 2021). A high-resolution model
suggested that the Preparis Channel is the main passage of water
mass transport between the BoB and the AS with strong season-
ality in the transport direction and magnitude (Liao et al., 2020).
Earlier model and observations also revealed that a subsurface
intensified eddy occurred just west of the South Preparis Chan-
nel with the max speed at 140 m and led to anomalies in salinity
and oxygen, which all were probably caused by a jet flowing out
of the AS through the channel (Hacker et al., 1998).

Water mass in the AS is significantly different from that in the
BoB, indicating a strong exchange between them. Previously,
many studies focused on the water properties of the AS (Ramesh
Bahu and Sastry, 1976; Varkey et al., 1996), and significant differ-
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Fig. 1. Location of in situ observation measurements and bathymetric map of the Preparis Channel. a. Bottom topography of the Bay
of Bengal and Andaman Sea from the global bathymetry data with 1’ resolution (Smith and Sandwell, 1997); the black box indicates
the study area. b. Bottom topography of the Preparis Channel; the red star marks the deep mooring, brown filled circles indicate the
CTD/LADCP stations, and black dots denoting VMP stations; Sections 1 and 2 (cyan curves) are defined to evaluate the spatial
distributions of water mass in the Preparis Channel. c. Expanded view of the bottom topography of the deep mooring station in the
Preparis Channel; the dashed black line indicates the section topography displayed in Fig. 4b; the orange contour represents the 400-m

isobath, and the magenta contour is the 600-m isobath.

ences in water mass properties between the AS and BoB have
been noted (Sen Gupta et al., 1981; Sarma and Narvekar, 2001).
Below ~1 800 m, the AS is an isolated basin, and the deep water
there is well mixed and warmer (approximately 1-2°C) than that
in the BoB due to enhanced turbulent mixing in the deep AS
(Jithin and Francis, 2020; Liao et al., 2020; Peng et al., 2021).
Based on model simulations, Liao et al. (2020) pointed out that
water mass is transported from the BoB to the AS through the
Preparis Channel at a shallow depth of about 250 m, whereas wa-
ter mass transport from the AS to the BoB exists in the Ten De-
gree Channel with a maximum depth of approximately 800 m; in
the Great Channel with a maximum depth of approximately 1 800 m,
a four-layer water exchange exists between the BoB and AS. The
water properties of the AS are affected by the water transport
through the three major channels, and diluted by the fresh water
from the Irrawaddy, Brahmaputra, and Ganga rivers in the north
(Robinson et al., 2007; Furuichi et al., 2009; Chandran et al., 2018;
Liu et al., 2020). The Preparis Channel is also thought to be the

internal tides source, compared to the other channels (Jithin et
al., 2020). However, due to the complexity of topography, direct
measurements of water exchange between the AS and BoB
through three major channels are still extremely limited.

As the main passage of water exchange between the BoB and
AS, the Preparis Channel plays a significant role in modulating
the regional circulation of the AS and redistributing water mass
and sediment in the northern AS (Awasthi et al., 2014). Preivous
studies revealed that shoaling internal waves could resuspend
the bottom sediment (Tian et al., 2019) and spread the suspen-
ded sediment into the interior portion of the channel, and elev-
ated turbulent mixing could accelerate the spreading of bottom
sediment (Wain and Rehmann, 2010). Therefore, exploration of
characteristics of flow and water mass in the Preparis Channel
can help us not only understand the water exchange between the
AS and BoB, but also further investigate the modulation mechan-
ism of interior circulation in the BoB. However, very few in situ
observations of the flow and water mass in the Preparis Channel
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have been reported, and previous studies were mainly based on
model simulations and concentrated on the flow shallower than
300 m (Rizal et al., 2012; Liao et al., 2020).

Recently, an international cooperation cruise, named the
“Joint Advanced Marine and Ecological Studies (JAMES)”, was
conducted in the Bay of Bengal and eastern equatorial Indian
Ocean during December 2019 to February 2020 (Hu et al., 2022);
and systematic observations, including hydrographic measure-
ments, microstructure profiler observations, and near-bottom
mooring measurements, were obtained jointly by scientists from
China and Myanmar in the Preparis Channel to clarify its water
properties, deep flow structure, and turbulent mixing (Fig. 1b).
The deep flow below 400 m in the Preparis Channel revealed in
this study can provide us knowledge of vertical structure of flow
in the Preparis Channel; and the spatial structure of the water
mass in the upper layer explored in this study provides us know-
ledge of the sources of water masses in the Preparis Channel,
both of which can help us better simulate the regional circula-
tion in the Preparis Channel in the future.

2 Field experiment

A short-term deep mooring (denoted as PC based on loca-
tion) positioned in the Preparis Channel (14.58°N, 93.53°E) was
deployed for three days from 5:00 am on February 18 to 10:00 am
on February 21, 2020 (Fig. 1¢). The deep mooring was instru-
mented with a SBE 37-SM conductivity-temperature-depth
(CTD) recorder (Sea-Bird Electronics, Bellevue, WA, USA), an up-
ward-looking 300-kHz Workhorse Sentinel acoustic Doppler cur-
rent profiler (ADCP) (Teledyne RD Instruments, San Diego, CA,
USA), and a single-point Seaguard recording current meter
(RCM) (Aanderaa Instruments, Bergen, Norway). Mean de-
ployed depths of CTD, ADCP, and RCM were estimated as 500 m,

530 m, and 540 m, respectively. The accuracy of the velocity
measurements was 0.15 cm/s for the current meters, and 0.5% S +
0.5 cm/s for the ADCP (S is the water velocity). The accuracy of
the CTD was 0.002°C for temperature, 0.003 mS/cm for conduct-
ivity, and 0.1% of the full-scale range for pressure (which was 7 m
for the CTD used in this experiment). The sampling time interval
of the RCM was 1 h, and that of the ADCP and CTD was 0.5 h.

In addition, a total of 29 hydrographic stations were sampled
along two sections (Section 1 and Section 2) across the Preparis
Channel (Fig. 1b). The instruments involved were a shipboard
SBE 911-plus CTD instrument and a Teledyne RD Instruments
300-kHz lowered ADCP (LADCP). A free-fall vertical microstruc-
ture profiler (VMP; Rockland Scientific International Inc., Victor-
ia, British Columbia, Canada) was cast 10 times to acquire profil-
ing measurements of the microscale velocity shear and temperat-
ure in the Preparis Channel (Fig. 1b). These microscale observa-
tions were carried out using a tethered free-falling instrument
(VMP-500) equipped with two shear probes that sampled shear
at 1 024 Hz and obtained data down to 450 m. Considering pos-
sible contamination by surface waves and ship wakes, the top
10 m of each turbulent mixing dissipation rate profile is dis-
carded.

3 Results

3.1 Temporal variability of deep flow below 400 m

First, the raw velocity time series acquired from the upward-
looking ADCP at PC exhibited significant tidal signals. Semidi-
urnal and diurnal tidal signals were extracted by harmonic ana-
lysis based on the approach of Godin (1972) (Fig. 2). The maxim-
um magnitude of diurnal tidal signals is about 18.39 cm/s, and
that of semidiurnal tidal signals is approximately 14.90 cm/s.
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Fig. 2. Diurnal internal tides K; (a) and O, (b) and semidiurnal internal tides M, (c) and S, (d) measured by the moored upward-

looking 300-kHz ADCP. The dashed line indicates zero velocity.
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Comparatively, the diurnal internal tides are stronger than the
semidiurnal internal tides at PC, and the diurnal internal tide O,
is the largest tidal constituent in the deep narrow passage (below
400 m) of the Preparis Channel. In addition, both diurnal and
semidiurnal internal tides at the mooring location show signific-
ant vertical high-mode structures (Fig. 2).

To illustrate the vertical structure of the deep current in the
Preparis Channel, we decomposed the horizontal velocity into
along-stream component and cross-stream component based on
the zonal and meridional components of the velocity, with max-
imum magnitude monitored by the RCM and estimated along-
stream direction being 76.2° counterclockwise from the north
(reference coordinate of redecomposition is displayed in Fig. 3d).
Notably, the along-stream and cross-stream velocities obtained
by the upward-looking 300-kHz ADCP at PC display significant
temporal variability (Figs 3a, b), and a persistent flow toward the
BoB exists between approximately 440 m and 500 m (Fig. 3a). In
addition, the time series of velocities monitored by the deep RCM
at 540 m indicate that the along-stream velocities dominate the
cross-stream velocities (Fig. 3c), and that the mean velocity vec-
tor reflects a strong deep flow at PC, directing toward the BoB
with a mean velocity of 25.26 cm/s (Fig. 3d).

Based on the redecomposition of the current velocity, the ver-
tical structure of the deep current at PC was obtained (Fig. 4a).
Notably, below 400 m, a sandwich structure exists for the deep
current in the Preparis Channel, with a relatively weak flow to-
ward the BoB between 430 m and 500 m, a flow toward the AS
between 500 m and 520 m, and a strong flow toward the BoB at
540 m. Considering the vertical structure of the deep current in
the Preparis Channel (Fig. 4a), we take the depth of 430 m as the
upper boundary of the deep current in the channel to estimate

Depth/m

Feb. 18

the volume transport of the deep current. In the ocean, estimates
of volume transport through a channel depend on the flow struc-
ture across the channel (Sprintall et al., 2012; Wang et al., 2021).
In an ideal situation, horizontal high-resolution velocity profiles
can give more accurate estimate of volume transport. When
based on an individual profile, horizontal interpolation is neces-
sary. In this study, we linearly interpolated the along-stream ve-
locity profile vertically with an interval of 5 m, and then applied a
cubic spline interpolation horizontally with the assumption of
zero velocity at the two sidewalls. Similar interpolation method
was utilized previously to estimate the volume transport of deep
flow through the Luzon Strait based on individual velocity pro-
files (Zhao et al., 2014; Zhou et al., 2014; Ye et al., 2019). Zhao et
al. (2016) confirmed that the interpolation based on individual
velocity profile can fit well with the horizontal structure of deep
current when the local Rossby radius is larger than the width of
the channel. Based on the 1'-resolution global bathymetric data
(Smith and Sandwell, 1997), we calculated the width of the deep
narrow passage of the Preparis Channel at the depth of 430 m as
11.5 km and local Rossby radius at the deep mooring site as 53.4 km
based on the formula in Qu et al. (2006). With local Rossby radi-
us larger than the width of the deep narrow passage in the Pre-
paris Channel, we believe that it is reasonable to estimate the
volume transport of the current below 400 m in the Preparis
Channel based on the interpolation method. Based on the bathy-
metry of Smith and Sandwell (1997), with cross-section topo-
graphy displayed in Fig. 4b, the mean volume transport of the
current below 400 m is estimated to be 0.06 Sv (1 Sv = 106 m3/s)
from the AS to the BoB (Fig. 4b). However, whether the volume
transport of the deep current in the Preparis Chanel has seasonal
variability remains unknown. Previously, based on the simula-
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tion of a high-resolution model, Liao et al. (2020) suggested that
water mass transport through the Preparis Channel experiences
seasonal variability, with a net transport of 1.45 Sv in July and
-0.05 Svin October. Due to the fact that circulations in the north-
ern AS are dominated by monsoons (Rodolfo, 1969, 1975; Liao et
al., 2020; Liu et al., 2020), further investigations are required to
determine if the volume transport through the deep narrow pas-
sage of the Preparis Channel has seasonal variation.

3.2 Properties of water mass

The two sections of hydrographic measurements in the Pre-
paris Channel (see Fig. 1b for locations) were used to evaluate the
water properties in the channel. Figure 5 shows the vertical distri-
bution of the water mass at Section 1. The depth of the thermo-
cline becomes shallower toward the continental slope of the AS
(Fig. 5a), and nearly flat contours of potential density in the BoB
between 100 m and 300 m curves toward the steep continental
shelf of the AS; this change might be associated with the large-
scale background current. Additionally, a warm “tongue” with
temperature greater than 26.20°C appears between 50 m and 100 m
(Fig. 5a). A low-salinity region with salinity less than 32.10 exists
in the upper layer over the steep continental slope at Section 1
between 93.0°E and 93.5°E (Fig. 5b), which may be associated
with the freshwater input from the Irrawaddy River. High dis-
solved oxygen (DO) concentrations mainly exist in the upper lay-
er, and the thickness of the high DO concentration decreases
from the BoB to the AS (Fig. 5¢). Over the continental slope at
Section 1, the turbidity increases toward the bottom (Fig. 5d).

Along Section 2, water mass in the upper layer of the AS is rel-
atively warmer and fresher than that in the BoB (Figs 6a, b). Low-
salinity regions with salinity less than 32.10 are also observed in
the upper layer between 93.0°E and 94.0°E and between 95.0°E
and 96.5°E (Fig. 6b). The spatial distribution of the DO concen-
tration displays zonal variability (Fig. 6c). Moreover, a “hotspot”
of turbidity is found at the mooring site at a depth of approxim-
ately 100 m between 93.5°E and 94.5°E, and the “hotspot” of tur-
bidity corresponds to the location of elevated turbulent mixing in

the channel. Previous studies revealed that internal waves en-
countering topographic features not only tend to resuspend bot-
tom sediment (Tian et al., 2019), but also produce elevated tur-
bulent mixing (Polzin et al., 1997; Ledwell et al., 2000; Naveira
Garabato et al., 2004). Also, the Irrawaddy River delivers a large
amount of sediment into the Preparis Channel (Liu et al., 2020).
Thus, we speculate that the “hotspot” of turbidity be associated
with the energetic internal tides in the Preparis Channel and the
abundant sediments from the Irrawaddy River.

We also utilized historical hydrographic data from the World
Ocean Database 2018 (WOD18; Boyer et al., 2018) to analyze the
water masses in the BoB and AS. Figure 7 shows the T-S diagram
at all the stations along Sections 1 and 2. Notably, the water
masses display a huge difference between the BoB and AS (Fig.
7a). In the upper layer of Section 1 (Fig. 7a), the water mass in the
AS is comparatively fresher than that in the BoB, and the water
masses deeper than 150 m show mixed features of waters of the
BoB and AS, with T-S profiles located between the mean T-S pro-
file of the BoB and AS (Fig. 7a). On the other hand, the water
mass in the upper layer of Section 2 is relatively warmer and salti-
er than that of Section 1 (Fig. 7b). The T-S distributions of Sec-
tions 1 and 2 indicate that water masses in the upper layer at Sec-
tions 1 and 2 be diluted by the input of fresh water from the Ir-
rawaddy River (Fig. 7).

3.3 Spatial distribution of turbulent mixing

During the cruise, a tethered free-falling VMP-500 was cast 10
times to explore the spatial distribution of turbulent mixing in the
Preparis Channel (Fig. 1b). The turbulent dissipation rate (¢) was
calculated by fitting the Nasmyth spectrum to the measured
shear spectra (Fig. 8; Shay and Gregg, 1986; Peters et al., 1988).
The turbulent diffusivity was estimated using the Osborn’s rela-
tion (Osborn, 1980) of K, =l =/ N?, where ¢ is the turbulent dissipa-
tion rate estimated from VMP measurements, N? is the buoyancy
frequency calculated from simultaneous CTD casts, and /" is the
mixing efficiency. Here, a varied mixing efficiency /" associated



88 Ye Ruijie et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 2, P. 83-93

Depth/m
Potential temperature/°C

Depth/m
Salinity

Depth/m

Oxygen concentration/(mg-L ")

Depth/m
Turbidity/NTU

90.5°E 91.0°E 91.5°E 92.0°E 92.5°E 93.0°E 93.5°E 94.0°E 94.5°E 95.0°E 95.5°E

Fig. 5. Vertical sections of potential temperature (a), salinity (b), dissolved oxygen concentration (c), and turbidity (d) along Section 1

shown in Fig. 1b. The solid black contours indicate potential density, and green triangles with vertical dashed lines denote CTD
profiles.

with the buoyancy Reynolds number Rey is adopted according to

where Re,=¢/(vN2) and I"" is the maximum value of mixing effi-
Mashayek et al. (2017):

ciency at Re,=Rey,. v is the kinematic viscosity of sea water. Lower
bounds with (Re;, I")=(100, 0.2) of Mashayek et al. (2017) are ad-

op" (Reb ) : opted in estimating turbulent diffusivity in this study.
R, To explore the vertical distribution of turbulent mixing in the
I (Rey) = 1 Rep, M Preparis Channel, we use Fig. 9 to display vertical profiles of vari-
* Re,, ous quantities at four stations in the Preparis Channel. Compar-

atively, turbulent mixing in different regions of the Preparis
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Channel shows different vertical distribution. At station S1 in the
BoB, the shear variance is relatively smaller than the buoyancy
frequency squared over the observed water column (Fig. 9b), the
turbulent dissipation rate shallower than 220 m oscillates
between 3.5x10-9 W/kg and 4.9x10-8 W/kg, and the turbulent dis-
sipation rate below 220 m is less variable with an order of 10-8

W/kg (Fig. 9d). The turbulent diffusivity is intensified with in-
creasing depth and its magnitude is below O(10-4 m?/s) over the
observed water column (Fig. 9¢). At station S6, the shear vari-
ance exceeds the buoyancy frequency squared at some depths
(Fig. 9g), and the Richardson number at the depth of 100 m is
near the critical value of 0.25, which is favorable for shear in-
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dashed red and blue lines) are shown. PSD: power spectral density; cpm: cycle per meter.

stability (Fig. 9h). Correspondingly, turbulent dissipation rate
and turbulent diffusivity are also elevated at the depth of 100 m
(Figs 9i, j), indicating that shear instability might contribute to
the elevated turbulent mixing. In addition, at the depth of 100 m,
the elevated turbulent mixing overlaps with a region of high tur-
bidity and exceeds 0.35 nephelometric turbidity units (NTU) (Fig.
6d). At stations S7 and S9 over the continental slope in the Pre-
paris Channel, shear variance is slightly smaller than the buoy-
ancy frequency squared (Figs 9], q), and the Richardson number
values are larger than 0.25 (Figs 9m, r), while turbulent dissipa-
tion rate and turbulent diffusivity are more variable than those at
station S1 in the BoB (Figs 9s, t), which might be associated with

the energetic internal tides over the continental slope in the
northern part of the AS (Jithin et al., 2020; Peng et al., 2021).
Figure 10 shows the horizontal distribution of depth-aver-
aged diffusivity and depth-integrated turbulent dissipation rate
in the upper layer of the Preparis Channel. We can see that ener-
getic turbulent mixing exists in the narrows of the Preparis Chan-
nel, and the order of turbulent diffusivity there can reach 10~
m?2/s, one order larger than that in the BoB (Fig. 10a). In addition,
the horizontal distribution of depth-integrated turbulent dissipa-
tion rate displays depth-integrated turbulent dissipation rate in
the Preparis Channel is larger than that in the BoB, with similar
patterns as those revealed by Peng et al. (2021) except for the
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Fig. 9. From top to bottom: four sets of profiles of turbulent mixing stations S1, S6, S7, and S9 (shown in Fig. 1b). For each station,
quantities plotted are (from left to right) potential density, shear variance (red) and buoyancy frequency squared (black), Richardson
number (the vertical line for Ri=0.25), observed original (red line) and depth-averaged (black line) turbulent dissipation rates, and
observed turbulent diffusivity (vertically averaged over 10-m bins).

magnitude (Fig. 10b). As mentioned above, internal tides in the
Preparis Channel exhibit a high-mode vertical structure, and the
background flow displays strong shear in the vertical direction,
which are propitious to the growth of shear instability and turbu-
lent mixing. We speculate that energetic internal tides and the
complex topography of the Preparis Channel may account for the
elevated turbulent mixing in the Preparis Channel.

4 Summary and discussion

Based on in situ observations in February, we revealed a
strong outflow from the AS to the BoB in the deep passage of the
southern Preparis Channel with a net volume transport of
0.06 Sv. The result is different from that of Liao et al. (2020) who
suggest an annual mean transport from the BoB to the AS. One of
the probable reason is that their model only captured the water
transport in the upper layer shallower than 300 m but failed in re-
cognizing the deep current below 400 m in the Preparis Channel
due to the coarse resolution (~9 km). In the meanwhile, they also

indicated the strong seasonality of the transport direction and
magnitude, and showed a similar outflow (0.15 Sv) in April. On
the other hand, our mooring observations also revealed energet-
ic internal tides with vertical high-mode structure in the Preparis
Channel with dominant diurnal internal tide O,. Hydrographic
measurements revealed that the water mass in the upper layer of
the AS is warmer and fresher than that in the BoB. A low-salinity
region with salinity lower than 32.10 was observed in the upper
layer of Sections 1 and 2; we speculate it be associated with the
intrusion of fresh water from the Irrawaddy River.

Microstructure profiler observations revealed that the mag-
nitude of turbulent mixing in the Preparis Channel is enhanced
to 104 m?/s, approximately one order larger than that in the BoB.
The strong turbulent mixing overlaps with a region of high tur-
bidity (Fig. 6d). It could be expected that energetic internal tides
and deep flow in the Preparis Channel play significant roles in re-
distributing bottom sediment and affecting the water properties
of the BoB and AS. Through our analysis of the flow, water mass
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Fig. 10. Maps of depth-averaged (0-150 m) turbulent diffusivity (logarithmic scale) (a) and depth-integrated (0-300 m) turbulent

dissipation rate (b) in the Preparis Channel.

and turbulent mixing from in situ observations, the significance
of the Preparis Channel to the exchange between the AS and BoB
is demonstrated. However, both the AS and BoB is dominated by
monsoons with significant temporal variability, the dynamic pro-
cesses across the channel require further investigation in a relat-
ively long scale in the future.
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