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Abstract The Andaman Sea (AS) is characterized by surprisingly weak stratification in its deep

basin in drastic contrast to the nearby Bay of Bengal (BoB), presumably due to strong diapycnal mixing
fertilized by the dissipation of internal tides. Here, we report on the first estimates of tidal mixing in the
AS using idealized numerical simulations resolving the generation and evolution of low-mode internal
tides. The estimation is based on a diagnostic analysis of the energetics of the simulated internal tides of
both local and non-local origins. The results highlight the dominant role of the internal tides generated

in the channels along the western boundary island chain in energizing diapycnal mixing in the entire AS.
Tidal dissipation and mixing in the deep basin of the AS are found to be highly elevated, with the depth-
integrated dissipation rate and the diapycnal diffusivity being 0(107>-10 ) W m™ and 0(107°~107%) m*s™’,
respectively, both of which are 1-2 orders of magnitude larger than those in the deep BoB. These model-
based estimates of tidal mixing are in general consistent with those from in situ conductivity-temperature-
depth (CTD) measurements using the fine-scale parameterization. Our results suggest that the oft-used
tidal mixing parameterization considering only local internal tide generation would underestimate the
depth-integrated tidal dissipation in the AS by several orders of magnitude, highlighting therefore the
necessity of considering contributions of non-local internal tides in parameterizing tidal dissipation and
mixing in marginal seas like the AS.

Plain Language Summary The Andaman Sea (AS) is a marginal sea of the eastern Indian
Ocean featured by strong internal tides, the dissipation of which can induce elevated turbulent mixing
that tends to homogenize water properties at different depths. Hydrographic measurements suggest

that the deep water in the AS is indeed rather well mixed, in drastic contrast to that in the nearby Bay of
Bengal (BoB). Yet, knowledge on mixing characteristics in the AS remains very limited. To this end, we
provide the first energetics-based estimation of internal-tide-induced turbulent dissipation and mixing in
the AS using idealized numerical simulations resolving the generation and evolution of low-mode internal
tides. Our main finding is that turbulent dissipation and mixing are elevated in the deep AS due to the
dissipation of internal tides originated from the channels along the western boundary island chain. These
model-based estimates are supported by the mixing estimates from in situ measurements, and suggest
that turbulent mixing in the deep AS is larger than that in the deep BoB by 1-2 orders of magnitude. This
provides a physical interpretation for the noted drastic contrast in the distribution of water properties in
the AS and BoB.

PENG ET AL.

10of 17


https://orcid.org/0000-0001-9838-0889
https://orcid.org/0000-0002-7488-8300
https://orcid.org/0000-0001-5293-1390
https://orcid.org/0000-0002-3311-4560
https://orcid.org/0000-0003-2503-2415
https://doi.org/10.1029/2020JC016521
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JC016521&domain=pdf&date_stamp=2021-04-22

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2020JC016521

1. Introduction

Diapycnal mixing plays an essential role in setting the global ocean stratification and in driving the meridi-
onal overturning circulation (MOC) (e.g., Marshall & Speer, 2012; Talley, 2013). It further exerts significant
impacts on tracer distributions as well as local/global climate variability and change through diapycnal
tranports of materials and heat (e.g., Johns et al., 2011; Kostov et al., 2014; Rahmstorf, 2003; Sanchez-Franks
& Zhang, 2015). A canonical value of 10 m” s™' was estimated by Munk (1966) for the globally averaged
diapycnal diffusivity to maintain the observed abyssal stratification. Subsequent observations suggest that
diapycnal mixing is generally an order of magnitude weaker in the ocean interior over smooth topography
(e.g., Ledwell et al., 1993); diapycnal mixing is, however, much elevated in regions with rough topography
such as seamounts, ridges, canyons (e.g., Carter & Gregg, 2002; Ferron et al., 1998; Kunze & Toole, 1997;
Ledwell et al., 2000; Polzin et al., 1997) and continental shelves in marginal seas (e.g., MacKinnon &
Gregg, 2003). The enhanced diapycnal mixing at these hotspots results mainly from the dissipation of inter-
nal tides (i.e., internal waves with tidal frequencies, also called baroclinic tides) which are generated when
barotropic tidal currents flow over rough topography (e.g., Niwa et al., 2004; Wang et al., 2016). The total
energy generation of internal tides in the global ocean is estimated to be about 1 TW (Egbert & Ray, 2000),
providing roughly half of the energy required to drive the global deep mixing (Munk & Wunsch, 1998).

Located to the east of the Bay of Bengal (hereinafter denoted as BoB), the Andaman Sea (AS) is a semi-en-
closed marginal sea of the eastern Indian Ocean, connected with the BoB mainly through three major
channels: the shallow Preparis Channel of depth around 250 m between south of Myanmar and north of
the Andaman islands, the deep Ten Degree Channel of depth around 600 m between south of the Andaman
islands and north of the Nicobar islands (specifically, the Car Nicobar island), and the deep Great Channel
of depth around 1,500 m between south of the Nicobar islands (specifically, the great Nicobar island) and
north of Sumatra (Figure 1). In addition, shallower and smaller channels also exist among the Nicobar
Islands. The AS shares similarities with the South China Sea (SCS), a marginal sea of the North Pacific, in
aspects of geographic latitudes, strong tidal forcing, rough/complex topography, and fully enclosed basin
below a certain depth (AS with 1,500 m vs. SCS with 2,400 m), and thus it may host strong internal tides
that could induce greatly enhanced turbulent dissipation and mixing as in the SCS (e.g., Niwa & Hibi-
ya, 2011, 2014; Simmons, 2004; Wang et al., 2016). The AS is indeed known for its strong internal waves
(e.g., Osborne & Burch, 1980). As shown in Figure 2, internal waves are clearly visible in synthetic aperture
radar (SAR) images. Moreover, the profiles of potential temperature and dissolved oxygen along the 10°N
transect from the WOCE data set show a nearly uniform distribution below 1,000 m, in dramatic contrast
to the much more stratified water in the BoB, indicating strong diapycnal mixing in the AS (Figure 3).
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Figure 1. (a) The geography and bathymetry of the Andaman Sea (AS) and the eastern part of the Bay of Bengal (BoB),
with (b) observation sites (denoted by cross) of temperature/salinity profiles enclosed by the rectangle area that is
enlarged in the right panel. The black solid curve represents the coastline, and the gray dash contours denote the 200-
m isobaths. The temperature/salinity profiles at these sites were obtained by conductivity-temperature-depth (CTD)
downward casts during two cruises in November 2010 (L5, L6) and December 2018 (B4, D3), respectively.
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Figure 2. ERS-1/2 SAR images from The Centre for Remote Imaging, Sensing and Processing (CRISP) indicating internal waves in the AS (https://crisp.nus.
edu.sg/~research/internal_waves/internal_waves.htm).
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Figure 3. The vertical cross-sections of (a) potential temperature and (b) dissolved oxygen along 10°N from the WOCE data set.
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However, due to a lack of observations in the AS, the regional characteristics of diapycnal mixing in the AS
remain unknown, and the impacts of this mixing on water mass transformation, circulation, biogeochem-
istry, and ecosystem dynamics in the AS have yet to be revealed.

One way to quantify the diapycnal mixing induced by internal tides (hereinafter referred simply to as tidal
mixing) is to perform a diagnostic analysis of the energetics of numerically simulated internal tides based
on simulations that (at least) resolve the low-mode internal tides, as was done by Wang et al. (2016) for
the SCS. Because the dissipation of internal tides of local and non-local origins are both considered, tidal
mixing estimates as such appear to agree well with observational mixing estimates in the SCS. Most impor-
tantly, the estimates are found to be 1-2 orders of magnitude larger than those estimated from the oft-used
tidal mixing parameterization of St Laurent et al. (2002) (hereinafter referred to as LSJ02), where only the
dissipation of locally generated internal tides is considered. Given the similarities shared by the SCS and the
AS, the same approach is adopted here to examine internal tide energetics in the AS, aiming at quantifying
tidal mixing characteristics in the AS.

This paper is organized as follows. Section 2 reviews the methodology of the estimation of the turbulent
kinetic energy dissipation rate and diapycnal diffusivity due to the dissipation of internal tides, followed
by a description of the model setup in Section 3. Section 4 presents the energetics analysis of internal tides
from tidal simulations. The estimates of turbulent dissipation and diapycnal diffusivity, as well as a valida-
tion against observational dissipation estimates with the fine-scale parameterization, are given in Section 5.
Summary and discussion are included in the final part.

2. Methodology

The estimation of the turbulent kinetic energy dissipation rate and diapycnal diffusivity is based on an
energy budget analysis of the simulated internal tides from idealized numerical simulations resolving low-
mode internal tides (e.g., Kang & Fringer, 2012; Kelly et al., 2010; Nagai & Hibiya, 2015; Wang et al., 2016).
As the method has been described in detail by Wang et al. (2016), here we only outline the main ideas. The
energy budget analysis is based on the following relationship in which the tendency and advection terms
are omitted as a first-order approximation:

(DIS,) =V, - Fye) = (Epape)s (1)

where the angle bracket represents a 14-day average to remove both the intra-tidal and spring-neap variabil-
ities, DIS,. is the depth-integrated energy dissipation rate of internal tides (more precisely, the loss of energy
of the resolved low-mode internal tides), and Eyosc and V, - F,. are the depth-integrated barotropic-to-baro-

clinic tidal energy conversion rate and the divergence of the depth-integrated energy flux of internal tides,
respectively:

n

Epope = 8 _J.H P Wy dz, ©)

7
V, Fp =V, [ | u’p'dz} (©)
“H

where p' and P’ are the perturbations of density and pressure, respectively, u' is the velocity of internal tides,
and wy, the vertical velocity associated with barotropic tides. H and 7 represent the time-mean water depth
and surface tidal elevation, respectively. Following Nash et al. (2005), the pressure perturbations are calcu-
lated from the density perturbation p’ using the following equation:

N —

gp'(2.t)dzdz + ?gp'(i,t)dé. (4)
4

p(zt) = —%

Once the depth-integrated energy dissipation rate is obtained, the diapycnal diffusivity is estimated follow-
ing Osborn (1980):
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P

where p and N” are the density of seawater and the squared buoyancy frequency, respectively, which are
calculated from the annual mean climatology of GDEMv3 data that are also used as the initial stratification
in our simulations. Here, we have assumed that the energy lost from the resolved low-mode internal tides is
eventually transferred to the small-scale turbulence generating diapycnal mixing.

In Equation 5, T is the mixing efficiency, which can be parameterized as follows according to Mashayek

et al. (2017):

where Re,

(DIS,,)F(z)

o]
r(Rey) = — ) )

-— is the buoyancy Reynolds number characterizing the intensity of stratified tur-
vpN

bulence. Here, I'* is the maximum value of the mixing efficiency at Re, = Re;,. We have set I'* and Rej, to be
0.2 and 100, respectively, adopting the lower bounds of Mashayek et al. (2017). F(z) is a vertical structure
function to describe vertical distribution of the energy dissipation. Following St Laurent et al. (2002) and
assuming that the dissipation of internal tides of both local and non-local origins to be bottom-intensified
and exponentially decay away from the seafloor, F(z) is formulated as follows:

exp(—(D + z) / {)
4(1 —exp(—D/g))’

F(z) = 7

where ¢ is the vertical decay scale and is set to be the same as in St Laurent et al. (2002), that is, & = 500 m,

and D is the total water depth.

It is worthwhile noting that the main difference between LSJ02 and the scheme based on the internal
tide energetics analysis is how the generation and dissipation of internal tides are estimated. In addition
to considering the dissipation of locally generated internal tides, the latter also takes the dissipation of
non-locally generated internal tides into account. Therefore, the scheme employed in this study is expected
to be more realistic in characterizing tidal mixing properties in semi-enclosed marginal seas with rough/
complex topography and channels connecting with the open ocean, such as the SCS and the AS. As shown
by Wang et al. (2016), the estimates of diapycnal diffusivity in the SCS using this scheme are generally
consistent with those from microstructure measurements and fine-scale parameterizations, and are 1-2 or-
ders of magnitude larger than those from LSJ02 in most regions of the basin. Moreover, a constant mixing
efficiency I' = 0.2 was used in LSJ02 as well as many previous studies including Wang et al. (2016), while
this study employs a variable I' which depends on the buoyancy Reynolds number and has an upper limit
value of 0.2. Although Gregg et al. (2018) argued that the canonical value of 0.2 is within observational
accuracy, there are studies showing that the mixing efficiency is well below 0.2 when the stratification is
very weak and thus the adoption of I = 0.2 generally results in an overestimate of the diapycnal mixing in
the deep ocean (Mashayek et al., 2017). The sensitivity of the estimated diffusivities to the mixing efficien-

cy I as well as the associated parameters I' " and Rez in Equation 5 is presented in Appendix A. Although

the parameterization of I' by Mashayek et al. (2017) is a valuable step forward, it is well understood that
I cannot really be determined by Re, alone (e.g., Monismith et al., 2018; Salehipour et al., 2016; Scotti &
White, 2016). In fact, the parametric dependence of the mixing efficiency remains a hot topic of debate in

the community.
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Figure 4. Vertical profiles of the monthly mean climatology of (a) potential temperature (T), (b) salinity (S), and (c)
the corresponding squared buoyancy frequency (N?) from the GDEMv3 data which are used as the initial fields in
winter (dashed lines) and summer (solid lines) runs.

3. Model Configuration

The Massachusetts Institute of Technology General Circulation Model (MITgem) (Marshall et al., 1997) in
hydrostatic mode is employed to simulate internal tides in the AS. This model is structured in z coordinates,
and the GMRedi parameterization (Gent-McWilliams/Redi SGS Eddy Parameterization) is used to remove
unrealistic diapycnal mixing introduced by the advection scheme (third-order discrete space and time flux
limiter scheme) in z-coordinate. This model has been widely used in physical oceanography, including sim-
ulations of the generation, propagation, and dissipation of internal tides over rough topography (e.g., Bui-
jsman et al., 2012, 2014; Klymak et al., 2016; Wang et al., 2016). Our model domain covers the entire AS as
well as the eastern part of the BoB, from 4°N to 24°N, and 84°E to 102°E, with a grid spacing of 1/24°x1/24°
(~5 km) over the entire domain and high resolution 30 arc-second bathymetry from the GEBCO_14 data
(http://www.gebco.net/) (Figure 1a). Fifty-eight z-levels are set in the vertical direction, which have thick-
nesses of 10-50 m for the top 12 levels from the surface to a depth of 300 m, 100 m for the following 46
levels. As shown in Appendix B, the current model setup regarding these horizontal and vertical resolutions
provides an acceptable resolution of the low-mode internal tides and thus is adopted with the consideration
of computing-resource saving.

To simulate internal tides, horizontally uniform but vertically stratified temperature and salinity fields
are used as the model initial conditions, which are the same as the temperature and salinity profiles de-
rived from the monthly mean climatology of GDEMv3 (http://www.usgodae.org/pub/outgoing/static/ocn/
gdem/) at the site (92.5°E, 5.5°N) that has the largest water depth in the simulated region (Figure 4). As
shown in Figure 4, small differences of the stratification between the winter (January) and summer (July)
seasons in the upper 500 m (Figure 4) exist. To obtain a climatological tidal mixing estimate, simulations
are performed for each of the two seasons using the corresponding stratification, and then the mean of the
two seasons is taken as the annual mean climatology.

The semi-diurnal barotropic tides are the dominant tidal constituents in the BoB (e.g., Murty & Hen-
ry, 1983). According to the results from our barotropic-tide model, the energy of semi-diurnal barotropic
tides (including M, and S,) can account for 96% of the total barotropic-tide energy in the AS, which is the
main energy source of the internal tides in the basin. Therefore, the semi-diurnal tidal constituents (M,
S,) with their amplitudes and phases extracted from the Oregon State University inverse barotropic tidal
model (OTIS) (Egbert & Erofeeva, 2002; Egbert et al., 1994) with 1/30° spatial resolution (http://volkov.oce.
orst.edu/tides/YS.html) are used to force the model at the open boundaries where a 0.5°-wide sponge layer
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Table 1
The Observational Data and Model Results at Four Tidal Gauges
Station
Chittagong Sittwe Moulmein Sabang
(91.83°E, 22.33°N) (92.90°E, 20.15°N) (97.62°E, 16.48°N) (95.33°E, 5.83°N)
Tide type Am (m) Ph (°) Am (m) Ph (°) Am (m) Ph (°) Am (m) Ph (°)
M, Obs 1.58 134.11 0.69 297.40 1.00 147.17 0.43 55.81
Model 1.31 133.84 0.69 259.42 1.20 170.10 0.43 55.69
Error 17.09% 0.20% 0.00% 12.77% 20.00% 15.58% 0.00% 0.22%
S, Obs 0.64 155.58 0.4 297.63 0.47 146.74 0.39 110.92
Model 0.50 155.59 0.4 282.37 0.50 209.13 0.30 110.92
Error 21.88% 0.00% 0.00% 5.13% 6.38% 42.52% 23.08% 0.00%

is imposed to remove artificial reflections. Following Wang et al. (2016), no turbulence closure is adopted
in the simulations to simplify the related analysis; the horizontal and vertical diffusivities are set to zero
(K, = K, =0, 1i.e., ignoring the diffusion of temperature and salinity), while the horizontal viscosity, verti-
cal viscosity, and bottom drag coefficient are specified uniformly throughout the domain as A, = 0.01 m’
s, A, =1x10°m’s™", and C,; = 2.5 x 107>, respectively. As validated by Wang et al. (2016) through a set
of sensitivity experiments, the values of viscosity and bottom drag coefficient do not significantly influence
the internal tide energy budget.

For each simulation, the model is integrated from a cold start (i.e., a state of rest) for 14 days to cover a
spring-neap tidal cycle, starting from January 14, 2011 and July 10, 2011 for the winter and the summer,
respectively. For each season, hourly model output during the 14-day spring-neap tidal cycle is used for the
energy budget analysis.

4. Energy Budget of Internal Tides

In order to validate our model results, we first extract the barotropic tides of M, and S, from the simulations
and compare their amplitudes (phases) against those from tide gauges, as presented in Table 1. Due to
coastal runoff, there is some deviation of amplitude and phase between the observation and model simula-
tion at Chitagong, Sittwe, and Moulmein, but the observed amplitudes and phases of the Sabang with little
influence of runoff are in great agreement with the model results.

Figure 5 shows the barotropic tidal energy fluxes from model simulations, calculated by P = pgh(u,n),
for the two semi-diurnal tidal constituents (M,, S,). The patterns are close to those of OTIS, although the
simulated amplitudes are somewhat different (not shown), probably due to the use of different topography
atlases. It is evident that the barotropic tidal energy enters the AS from the BoB through the three major
channels, that is, north of the Andaman islands, between the Andaman islands and the Nicobar islands,
and north of Sumatra, and converges in the middle of the northern AS basin. The barotropic tidal energy
fluxes for M, (S,) across the three channels are about 6.09 GW (1.68 GW), 5.55 GW (1.67 GW), and 9.66 GW
(2.32 GW), respectively.

Figure 6 shows the spatial-temporal distributions of the near-surface pressure perturbations and the veloc-
ity of internal tides from the simulation forced by the two primary tidal constituents M, and S, in summer.
The spatial distributions of the near-surface pressure perturbations calculated by Equation 4 demonstrate
that strong internal tides are mainly generated in the three main channels and propagate eastward and
westward into the AS and the BoB, respectively, with larger amplitudes during the spring tide than during
the neap tide. The eastward-propagating internal tides cross the AS and reach the continental slope of the
eastern AS basin, where they are mainly confined in regions deeper than 200 m. These features of the spa-
tial distribution and propagation of the internal tides in the AS are generally consistent with the results of
Mohanty et al. (2018). The internal tidal currents are found to be strongest in the near surface and feature
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Figure 5. Barotropic tidal energy flux (vector) and its magnitude (color shading) for the semidiurnal tidal constituents
(a) M, and (b) S,. The gray contour denotes the 200-m isobath.

near-bottom intensification (Figure 6), which are similar to that in observations and model simulations for
the SCS (e.g., Duda & Rainville, 2008; Klymak et al., 2011; Wang et al., 2016). It is also evident that internal
tidal currents are stronger in the AS than in the BoB. Similar results (not shown) are seen in winter due to
the similar stratification (Figure 4).

The depth-integrated barotropic-to-baroclinic tidal energy conversion and energy flux of internal tides
as well as its divergence in the AS and the surrounding regions are shown in Figure 7. Positive (neg-
ative) values of the energy conversion imply the energy transfer from barotropic (baroclinic) tides to
baroclinic (barotropic) tides. Negative conversion is attributed to the alteration of the phase of density
perturbation by non-locally generated internal tides that could result in large phase differences (greater
than 90°) between the density perturbation and the barotropic vertical velocity (Zilberman et al., 2009),
implying multiple sources (Carter et al., 2012). Large positive energy conversion occurs in the regions
of the three channels where rough topography exists, especially in the middle channel where the maxi-
mum value reaches 12.6 W m™?, indicating that the internal tides are mainly generated in these regions;
the generated internal tide energy radiates eastward into the AS and westward into the BoB, as indi-
cated by the energy flux vectors of internal tides in Figure 7b. Negative values of energy conversion are
seen in the AS and the BoB, implying the influence of non-locally generated internal tides on the local
energy budget. While the maximum barotropic energy flux is found in the Ten Degree Channel (Fig-
ure 5), the maximum energy flux of internal tides occurs in the small channel between the center and
north of the Nicobar islands (Figure 7b), suggesting the important role of rough topography around the
small islands in shaping the energy flux of internal tides. The spatial distribution of the divergence of
energy flux of internal tides has a similar pattern as that of barotropic-to-baroclinic tidal conversion, es-
pecially in the BoB; large positive values are seen in the three channels while negative values dominate
in the AS basin, suggesting that the three channels are the main source regions of internal tide energy
while the AS is the sink region.

To further investigate and quantify the source and sink of the internal tide energy in the AS basin and the
western boundary island chain, an energy budget analysis of internal tides is performed for three western
boundary regions (denoted as A, B, and C) from north to south which cover respectively the three major
channels (region B also includes all the small channels among the Nicobar islands), and the AS interior (de-
noted as D), as shown by the dash rectangles in Figure 7a. Moreover, an additional region for the shelf area
(< 200 m) in the AS is included. The results for the summer season are presented in Table 2. It can be seen
that the three small western boundary regions are the main source regions of internal tide energy genera-
tion with a total barotropic-to-baroclinic conversion rate of about 17.57 GW which is three times larger than
that for the large AS interior (i.e., region D); about half (~8.83 GW) of the energy converted to internal tides
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Figure 6. (a and b) Instantaneous near-surface pressure perturbation; (c and d) zonal velocity of internal tides along
9.2°N; and (e and f) the time variation of the zonal velocity of internal tides at site (9.2°N, 94°E) during the spring (left)
and neap (right) tides in summer. The gray contours in Figure 6a and 6b denote the 200-m isobaths. The dark dash line
and the black triangle in Figure 6a denote the section along 9.2°N and the site at 9.2°N and 94°E, respectively.
is dissipated locally, while the rest (8.74 GW) radiates away (i.e., eastward into the AS and westward into
the BoB with positive energy flux divergence). The negative energy flux divergence (~- 4.09 GW) indicates
that the AS interior is a tidal energy sink, the magnitudes of which is comparable to the barotropic-to-ba-
roclinic conversion rate (~5.52 GW), providing nearly half of the total dissipation rate (~9.61 GW) in the
AS interior. Among the three western boundary regions (A, B, and C), region B has the largest energy con-
version rate, energy flux divergence and energy dissipation rate with tidal mean values of ~11.03, 5.47, and
5.56 GW, respectively. For the shelf area (< 200 m), the tidal mean conversion rate, energy flux divergence
and dissipation rate are about 1.16, —0.73, and 1.89 GW, respectively. Similar results are obtained for the
winter, as shown in Table 3.
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Figure 7. Depth-integrated (a) barotropic-to-baroclinic tidal energy conversion, (b) internal tide energy flux vector, and
(c) internal tide energy flux divergence during the spring tide in summer. The gray contours denote the 200-m isobaths.

A, B, C, and D in (a) denote the three regions along the western boundary island chain and the AS interior, respectively,
used for the energy budget of internal tides analysis shown in Tables 2 and 3.

5. Estimation and Validation of Tidal Dissipation and Mixing

Figure 8a shows the annual-mean depth-integrated dissipation rate of internal tides by taking the average
of the summer and winter seasons’ results based on Equations 1-3. Large depth-integrated dissipation rates
of about O(1072-10 ) W m™> are found in the regions of the AS including the three major channels. This is

Table 2

The Energy Budget of Internal Tides for the Three Regions (A, B, and C)
Along the Western Boundary Island Chain and the AS Interior (D) As Well
As the Shelf Area (< 200 m) in Summer

A B © D <200 m
Conv 1.414 11.028 5.123 5.517 1.157
DivF 1.000 5.473 2.266 —4.092 —0.728
Diss 0.414 5.555 2.857 9.609 1.885

Note. The Conv, DivF, and Diss denote the area-integrated conversion
rate with a tidal period mean from barotropic to baroclinic tidal energy,
divergence of internal tide energy flux, and dissipation rate of the internal
tide energy (units: GW), respectively.

about 1-2 orders of magnitude larger than that in the BoB. In particular,
strong tidal dissipation occurs along the western island chain (especially
in the middle and southern channels) and the eastern continental slope
near the 200-m isobaths where rough topography exists, with the maxi-
mum dissipation rate being 0.90 W m™2. This could be due to the differ-
ent features in the size, depth, and topography of the two basins which
influences the propagation and dissipation of the internal tides generated
along the western boundary island chain: the BoB has a much wider ba-
sin with deeper and relatively smoother bottom bathymetry, which facili-
tates the westward propagating internal tides to travel far away in the BoB
before being dissipated, whereas the eastward propagating internal tides
may be reflected and confined in the AS basin on arriving at the shelf
break, and finally get dissipated in the basin. Compared to the estimate
of depth-integrated dissipation rates using LSJ02 which only considers
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Table 3
Same as Figure 2, but for Winter

the dissipation of the locally generated internal tides (Figure 8b), the esti-
mate based on the energy budget, which includes the dissipation of both

the locally and non-locally generated internal tides, is about 2-4 orders of

A B o D <200 m , _ :
magnitude larger in both the AS basin and the BoB.
Conv 1.461 10.577 5.206 5.176 1.180
DivF Lo e 2o e e GIVGI'I the' d'ept'h-lntegrated d1s51p'at10n rate of' 1ntern§l tides, t}.le diapyc-
nal diffusivity is obtained according to Equation 5 with a vertical decay
Diss 0.493 5.470 2.828 9.143 1.701

scale of 500 m. Figure 9 shows the cross-section distributions of the dissi-

pation rate and the diapycnal diffusivity along 9.2°N and 95°, respective-

ly. Elevated dissipation rates of 0O(107-10"%) W kg™ are found over the
rough topography, especially over ridges and along the shelf break, while enhanced mixing with diapycnal
diffusivities of O(107-107%) m? s~ occurs near the bottom of the entire AS basin. The diapycnal diffusivities
in the deep BoB are generally 1-2 orders of magnitude smaller than those in the deep AS basin along 9.2°N
(Figure 9b), which can be attributed to lower dissipation rates and larger buoyancy frequency in the deep
BoB. The estimates of the dissipation rate and diapycnal diffusivities using LSJ02, as shown in Figure 10,
are 1-2 orders of magnitude smaller than the above results based on the internal tide energy budget analysis
which considers the energy dissipation of both the locally and non-locally generated internal tides.

The fine-scale parameterization of turbulence (e.g., Kunze et al., 2006) estimates turbulent dissipation and
diapycnal mixing from the shear and strain induced by internal waves at the O(10-100 m) vertical scale. To
validate the above model-based estimation by the energy budget analysis of internal tides, the fine-scale pa-
rameterization is adopted to estimate the turbulent kinetic energy dissipation rate using in situ observations
of temperature and salinity profiles, which were obtained by conductivity-temperature-depth (CTD) casts
during two cruises in the AS in November 2010 and December 2018. Considering that the fine-scale param-
eterization is not expected to work well in the near-field of internal tide generation as well as in the pycno-
cline (e.g., Jing et al., 2011; Kunze et al., 2006; Liu et al., 2017; Polzin et al., 2014), four observation sites are
selected for the validation which are located on the eastern continental slope of the AS with water depth
larger than 200 m (see Figure 1b), and the validation is made only beneath 200-m depth. It is found that the
squared buoyancy frequency N” calculated from the numerical simulation matches that from the observed
temperature/salinity (7/S) profiles very well (Figure 11). Except for station D3, the depth-integrated dissi-
pation rates estimated by the energy budget analysis of internal tides are close to those estimated from the
observed T/S profiles using the fine-scale parameterization (Figure 12). Although uncertainties exist in the
estimates using the fine-scale parameterization (e.g., Hibiya et al., 2012; Liu et al., 2017; Polzin et al., 2014),
the above results provide a useful reference which suggests the reliability of the energetics-based estimates
and the necessity of taking dissipation of non-locally generated internal tides into account.

(b)

100 10°
-1 1071
10 -
1072 1072
= =
1 v 15
) 1073 § 1073
= ]
8 K]
10~ 1074
10
1075 10-5
: : 10-6 ° . Ca) e 1076
90 95 100 (W m-2) 85 90 95 100\ m-2)

Longitude(E) Longitude(E)

Figure 8. Annual-mean depth-integrated dissipation rate of internal tide energy estimated by (a) the internal tide
model and energy budget analysis as well as (b) the LSJ02 parameterization. The gray contours denote the 200-m
isobaths.
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Figure 9. Cross-sectional distributions of (a and c) dissipation rate and (b and d) diapycnal diffusivity along (top) 9.2°N and (bottom) 95°E in the AS estimated
by the internal tide model and energy budget analysis. The gray contour in (b) and (d) represents the value of 107> m*s™".

6. Summary and Discussion

In this study, a high-resolution configuration of the MITgem resolving low-mode internal tides is imple-
mented to simulate internal tides in the AS. An energy budget analysis of the internal tides is then employed
to estimate tidal dissipation and mixing in the AS. Our key findings are as follows:

1) The semi-diurnal barotropic tides (M,, S,) account for 96% of the total barotropic-tide energy in the AS.
The barotropic tidal energy enters the AS from the BoB through the three channels along the western
boundary island chain, and converges in the middle of the northern AS basin, with energy fluxes for
M, (S,) across the three channels being about 6.09 GW (1.68 GW), 5.55 GW (1.67 GW), and 9.66 GW
(2.32 GW), respectively.

2) Strong internal tides of primarily semi-diurnal frequencies are mainly generated in the channels or
straits along the western boundary island chain and propagate respectively eastward into the AS and
westward into the BoB, with larger amplitudes in spring tides than in neap tides. The internal tidal cur-
rents are found to be stronger in the AS than in the BoB.

3) Energy budget analysis reveals that the channels or straits along the western boundary island chain are
the main source regions of internal tide energy with an annual mean total barotropic-to-baroclinic tidal
energy conversion of about 17.6 GW; this energy is fluxed, in roughly equal amounts, eastward into the
AS and westward into the BoB. In contrast, the AS interior is a sink, that is, the total tidal dissipation
(~9.61 GW) greatly exceeds the local energy conversion (~5.52 GW), the overspending of which is sup-
plied by non-locally generated internal tides (~4.09 GW). Enhanced tidal dissipation occurs over rough
topography, especially over ridges and the shelf break, in the AS basin and along the western boundary
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Figure 10. The same as Figure 9, but estimated by LSJ02 parameterization.
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island chain with depth-integrated dissipation rate reaching to O(10™'~10 ) W m~?, which is generally an
order of magnitude larger than those in the BoB.

Elevated tidal dissipation with a depth-integrated dissipation rate of O(107>-10 ) W m > occurs in the
AS deep basin and along the western boundary island chain, where the topography is complex. Based
on the assumption of bottom-intensified tidal dissipation with a 500-m vertical decay scale, a three-
dimensional mean field of the diapycnal diffusivity is obtained, from which enhanced tidal mixing
with diapycnal diffusivities of O(107°~107%) m” s™" is found near the bottom of the entire AS basin. In
comparison, the estimated depth-integrated dissipation rates and diapycnal diffusivities based on the
energy budget analysis are about 2-4 and 1-2 orders of magnitude larger than those by LSJ02, respec-
tively. This model-based estimation of the dissipation rate is generally in agreement with the estimation
based on the fine-scale parameterization of turbulence using in situ observations at several locations
on the eastern continental slope of the AS. This reaffirms the conclusion of Wang et al. (2016) that the
estimation of tidal dissipation and mixing in marginal seas should consider the contribution of non-
locally generated internal tides in addition to locally generated internal tides.

The estimated depth-integrated dissipation rates and diapycnal diffusivities of O(107°~107%) W m ™~ and
0(107°-107*) m*s™" in the deep BoB are about 1-2 orders of magnitude lower than those in the deep AS,
leading to the drastic contrast in the vertical distribution of potential temperature, salinity, and oxygen
(as well as presumably other properties) between the two basins. Due to the BoB’s much wider basin
with deep and relatively smooth bottom bathymetry, the westward propagating internal tides generated
along the western boundary island chain may travel far away in the BoB before being dissipated, whereas
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Figure 12. The depth-integrated dissipations at the four sites estimated
by the energy budget analysis of the model simulated internal tides and by
the fine-scale parameterization of turbulence from observed temperature/
salinity profiles (see Figure 1 for the geographic locations of the sites).

the eastward propagating internal tides may be reflected on arriving at
the shelf break and are confined in the AS basin, and finally get dissipat-
ed in the basin.

Although the energetics-based method could be a promising way to include
the contributions from both locally and non-locally generated internal
tides, the estimation in this study is based on some simplifications, that is,
horizontally uniform stratification, no background ocean circulations, etc.,
and on the assumption that the dissipation of the locally and non-locally
generated internal tides are both bottom-enhanced with a vertical decay
scale of 500 m. In the real ocean, the stratification varies both temporally
and spatially, and background ocean circulations of various scales exist all
the time, which could exert significant influence on internal tides includ-
ing their generation, propagation, and dissipation (e.g., Jan et al., 2012;
Kerry et al., 2013, 2014). Meanwhile, the assumption of bottom-enhanced
and exponentially decayed dissipation of both locally and non-locally gen-
erated internal tides, especially the choice of a 500-m vertical decay scale,
is empirical and lacks full validation for its applicability in different re-
gions. Therefore, considerable uncertainties exist in the estimates of tidal
dissipation and mixing presented in this study, which could be reduced by
employing more realistic ocean states and energy constraints in the model
configuration and energy budget analysis in the future work.

On the other hand, although in situ observations of the vertical profiles
of temperature and salinity are used here for the validation of the esti-
mation based on tidal energetics, these observations are only available in
very limited areas of the AS. The accuracy and applicability of the fine-
scale parameterization of turbulence remain a topic of debate in the com-
munity. As such, direct measurements of small-scale turbulence with
microstructure profilers, as well as more full-depth temperature/salinity
profiles in the deep basin of the AS, are needed for a more comprehensive
validation of our internal tide energetics based estimates of the tidal dis-
sipation and mixing in the AS.

Appendix A: Sensitivity of the diapycnal diffusivities
to the mixing efficiency I' as well as the associated

parameters I' and Re; in Equation 5

The estimations of diapycnal diffusivities using different values of I"as
well as the associated parameters I and ReZ in Equation 5 are shown
in Figure Al. When I is taken as a function of the buoyancy Reynolds
number, the estimated diapycnal diffusivities near the bottom of the
entire AS basin are of 0(1041 — 10’3) and 0(10’3 - 10’2) with the low-
er bounds (I'* = 0.2, Re,* = 100) (Figures Ala and Ale) and the upper
bounds (I'* = 0.5, Rey* = 300) (Figures Alb and Alf) as suggested by
Mashayek et al. (2017); when T is taken as a constant value of 0.2, the
estimated diapycnal diffusivities of 0(10"2 - 10"1) m?s™" occur near the
bottom of the entire AS basin (Figures Alc and Alg), which is 1-2 orders
of magnitude larger than the estimation of those taking I' as a function
of the buoyancy Reynolds number. Therefore, the use of a constant I" of
0.2 generally overestimates diapycnal mixing in the deep ocean where
the stratification is quite weak. A much smaller value of T (e.g., 0.02, Fig-
ures Ald and Alh) would give similar values of diapycnal diffusivities,
but will not resolve the spatial variability.
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Table Al

Baroclinic Energy Budget Analysis for Different Regions (A, B, C, and D) in the Andaman Sea for the Two Experiments
With Different Vertical Resolutions

Unit(GW) A B € D
Barotropic-to-baroclinic 58 layer 2.70 11.86 4.91 4.54
Conversion 115 layer 2.78 12.11 4.87 4.64

Difference +2.96% +2.11% —0.81% +2.20%
Baroclinic energy 58 layer 1.85 5.05 1.60 —0.41
Flux divergence 115 layer 1.94 5.41 1.71 —0.44

Difference +4.86% +7.13% +6.88% +7.32%
Dissipation 58 layer 0.85 6.81 3.31 4.95

115 layer 0.84 6.70 3.16 5.08

Difference —1.18% —1.62% —4.53% +2.63%

Table A2

Baroclinic Energy Budget Analysis for Different Regions (A, B, C, and D) in the Andaman Sea for the Two Experiments
With Different Horizontal Resolutions

Unit(GW) A B © D
Barotropic-to-baroclinic 1/24° 2.70 11.86 491 4.54
Conversion 1/48° 2.69 13.76 5.34 4.49
Difference —0.37% +16.02% +8.76% —1.10%
Baroclinic energy 1/24° 1.85 5.05 1.60 —0.41
Flux divergence 1/48° 1.81 5.62 1.75 —0.76
Difference —2.16% +11.29% +8.57% +85.37%
Dissipation 1/24° 0.85 6.81 3.31 4.95
1/48° 0.88 8.14 3.59 5.25
Difference +3.53% +19.53% +8.46% +6.06%
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Appendix B: Sensitivity of the internal tide energy to model resolutions

To see how large the impact of horizontal and vertical resolutions on the diagnostic calculations is, we carry
out two additional experiments with a higher vertical resolution of 115 layers and horizontal resolution of
1/48°%x1/48°, respectively. Tables Al and A2 compare energy diagnostics with those from the simulation
using a vertical resolution of 58 layers and a horizontal resolution of 1/24°x1/24°. It can be seen that the
changes due to the increase in vertical resolution do not exceed 8%. In addition, for the experiment with
horizontal resolution of 1/48°x1/48°, although the baroclinic energy flux divergence increases up to 85%
in region D, its magnitude is an order lower than that of the barotropic-to-baroclinic conversion, which
results in a very small change in the dissipation rate (~6%); the change of each terms in regions A, B, and
C due to the increase in horizontal resolution does not exceed 20%. Therefore, the experiment with vertical
resolution of 58 layers and horizontal resolution of 1/24°x1/24° is acceptable and thus is adopted in this
study under the consideration of saving computing resources.
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The GEBCO_14 data are available at http://www.gebco.net/, GDEMv3 data are available at http://www.us-
godae.org/pub/outgoing/static/ocn/gdem/, and OTIS data are available at http://volkov.oce.orst.edu/tides/
YS.html.
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