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Abstract A yearlong record from moored current, temperature, conductivity, and four mixing meters
(ypods) in the northernmost international waters of the Bay of Bengal quantifies upper-ocean turbulent
diffusivity of heat (K,) and its response to the Indian monsoon. Data indicate (1) pronounced intermittency
in turbulence at semidiurnal, diurnal, and near-inertial timescales, (2) strong turbulence above 25-m depth
during the SW (summer) and NE (winter) monsoon relative to the transition periods (compare
K,>10"*m?/sto K, ~ 107> m?/s, and (3) persistent suppression of turbulence (K, < 107> m?/s) for 3 to

5 months in the latter half of the SW monsoon coincident with enhanced near-surface stratification
postarrival of low-salinity water from the Brahmaputra-Ganga-Meghna delta and monsoonal precipitation.
This suppression promotes maintenance of the low-salinity surface waters within the interior of the bay
preconditioning the upper northern Indian Ocean for the next year's monsoon.

Plain Language Summary Fluctuations in the intensity of the Indian monsoon system
propagate northward from the equator toward the Indian subcontinent, bringing intervals of relatively wet
and dry conditions. Rains both feed many rivers that discharge into the northern Bay of Bengal and provide
close to 2 m of rainfall over the basin. The freshwater persists as a shallow layer in the bay for 3-5 months
starting around July (the latter half of the summer monsoon). This shallow, freshwater layer adjusts quickly
to changes in air-sea heat fluxes but also limits atmospheric forcing of the ocean below. Our yearlong data
set quantifies upper-ocean turbulent mixing in the northern bay. Above 25 m, we find that (1) mixing is
very strong during the summer monsoon (June-September) due to the strong winds, (2) mixing is reduced
from summer monsoon values during the winter monsoon (November-January), and (3) mixing is lowest
during transition periods between the two. The ocean responds differently below 25 m. The freshwater
layer on top acts as a barrier to the winds, and mixing is suppressed for several months. Below 60 m, even
an intense cyclone could not generate appreciable ocean mixing when the freshwater layer was present.

1. Introduction

Modeling studies have shown that the coupled dynamics of the ocean-atmosphere system, at timescales as
short as the diurnal, strongly affect the structure and variability of the large-scale tropical atmosphere (Fu
et al., 2003; Inness & Slingo, 2003; Woolnough et al., 2007). Observations have further demonstrated the
coevolution of the atmosphere and ocean in response to monsoon forcing in the Indian Ocean, including
within the Madden-Julian Oscillation (McPhaden & Foltz, 2013; Moum et al., 2014, 2016), and during boreal
summer intraseasonal oscillations (Li et al., 2017; Sengupta & Ravichandran, 2001). While sea surface tem-
perature (SST) controls coupling at the air-sea interface, SST is itself influenced by net atmosphere-ocean
heat flux, turbulent entrainment of typically cooler deep water into the mixed layer (ML), horizontal and
vertical advection, and the ocean's mixed layer depth (MLD).

The Bay of Bengal (BoB) has the lowest-salinity surface waters in the tropical ocean due to numerous rivers
discharging into it (Sengupta et al., 2006) and heavy local seasonal precipitation (Hoyos & Webster, 2007).
Southward spreading low-salinity water from the world's largest delta, the Brahmaputra-Ganga-Meghna
(Sengupta et al., 2016), peaks during July-September (Papa et al., 2010). The low-salinity surface water and
consequent shallow MLDs make the BoB an “active communicator” with the atmosphere (Bhat et al., 2001),
with potential consequence to the Indian monsoon system (Rajeevan et al., 2010; Sengupta & Ravichandran,
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2001), and synoptic convective activities (Balaguru et al., 2014). Studies have shown the local dispersion
mechanisms (Sree Lekha et al., 2018) and the exit pathways of this low-salinity water from the BoB (Jensen,
2003; Sengupta et al., 2006; Shetye et al., 1996). However, the role of this low-salinity water in modulating
diapycnal mixing has not yet been addressed.

Salinity often dominates stratification at the base of the ML in the BoB, allowing for formation of a barrier
layer defined as the region between the base of the ML and the deeper thermocline. Strong salinity stratifi-
cation also allows for multiple fine-scale (<10 m) inversions in temperature and persistent subsurface warm
layers (Shroyer et al., 2016). These features provide an additional reservoir of heat, which may influence
SST; for example, tropical cyclones within the BoB have been known to leave a salty but not a pronounced
cool wake because of this subsurface heat (Chaudhuri et al., 2019; Girishkumar et al., 2014; Jourdain et al.,
2013). Long-term turbulence measurements provide the opportunity to explore how turbulence influences
the upper-ocean structure within the context of the BoB's evolving stratification (due to precipitation and
riverine discharge) and monsoon forcing.

Moored mixing meters (ypods; Moum & Nash, 2009) have made it possible to resolve multiyear subsurface
turbulence at sites across the globe (Moum et al., 2013; Perlin & Moum, 2012; Pujiana et al., 2018; Warner
et al., 2016). Warner et al. (2016) studied the seasonality in turbulence in the BoB for the first time from a
single ypod at 15-m depth at 12° N. This study found that the turbulent heat fluxes were of similar magni-
tude to the surface flux during the monsoon (stronger wind) periods, whereas it was 3 orders of magnitude
weaker during the transition (weaker wind) periods. In the present study, we examine results from four
xpods (at depths ranging from 22 to 65 m) on a heavily instrumented upper-ocean mooring in the north-
ern BoB (18° N). These data capture the development of intense, persistent (multiple months) near-surface
stratification and shallow MLs associated with the advective arrival of low-salinity water from riverine dis-
charge and rainfall. During this time, salinity contributed three to five times the magnitude of temperature
to upper-ocean density stratification, supporting formation of a thin but intense barrier layer. These data
provide direct evidence on the role of low-salinity water in controlling the depth of penetration of turbu-
lent mixing in the northern BoB. A remarkable suppression of turbulence below 40 m is seen even during
periods of strong winds including a cyclone when this low-salinity water existed on the surface.

2. Data and Methods

An oceanographic mooring with surface sensors was deployed in the northernmost international waters of
the BoB (18° N, 89.5° E) from 8 December 2014 to 29 January 2016 to record oceanic and atmospheric data
(Weller et al., 2016, 2018). Thirteen Sea-Bird Electronics 37-SM MicroCATs from 2.5 to 95 m logged conduc-
tivity (C) and temperature (T) every 5 min while two of them at 1-m depth sampled C and T every minute,
and several also recorded pressure. We infer salinity and density from C and T (McDougall & Barker, 2011).
An upward-looking Teledyne RD Instruments 300-kHz acoustic Doppler current profiler was deployed at
80 m and sampled 2-m bins from 74.5 m upward. Data from a meteorological package (ASIMET; Hosom
et al., 1995) were used to approximate the air-sea fluxes with bulk formulae (Fairall et al., 2003).

Six ypods were deployed from 22 to 65 m; one was lost at sea, and a second returned data for only half of the
deployment. Here we analyze data from the remaining four ypods deployed at 22, 46, 55, and 65 m. ypods
record temperature using fast thermistors, current speed (1) with Pitot tubes (Moum, 2015), pressure, and
acceleration at 50 Hz. The time rate of temperature change (T,) is measured at 100 Hz, and compass heading
is sampled at 1 Hz. Taylor's frozen flow hypothesis (Taylor, 1938) is used to map time derivative (T,) to spatial
derivative (T,), as T, = T,/u. An iterative algorithm (Moum & Nash, 2009) is used to determine the decay
rate of temperature variance (y; Figure S1 in the supporting information) using an inferred turbulent kinetic
energy dissipation rate (e,), as €, = % to estimate the Batchelor wave number. Here T, is the mean
vertical temperature gradient and N> = —fgp~dp /dz, where p is the fluid density. I is related to the efficiency
of turbulent mixing and was first argued to be approximately 0.2 by Osborn (1980); see also Gregg et al.
(2018) and Smyth et al. (2001). Estimates of y are calculated on 1-s intervals, and the turbulent diffusivity
for heat (hereafter diffusivity) is calculated as K, = é (Osborn & Cox, 1972), using 10-min averages of y
and the mean temperature gradient. Sensitivity of y to changes in I is given in the appendix of Moum and
Nash (2009); see also Supporting Information S1. K, is not evaluated when |T,| < 1073 ° C/m, or when
N? < 107°s72 to preclude estimates during periods of convection and weak stratification. Based on these
criteria, 7.5% (<1.5%) of the 1-s y estimates are flagged from the 22-m ypod (other three ypods). Short
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Figure 1. Daily-averaged (a) net surface heat flux Qu (positive is heat going into the ocean at surface); (b) precipitation
P; (c) wind stress 7, (black and red indicate periods shown in Figure 2); (d/e) temperature T/salinity S at 1 (sea surface
temperature), 10, 26, 50, and 70 m. (f) S in color with the temperature-based mixed layer depth (black), density-based
mixed layer depth (cyan), 27 °C isotherms (white) overlaid, and ypod deployment depths (black circles). The
climatologically averaged Indian monsoon cycle is indicated above (a).

spectral windows applied in calculation of y avoid contamination by surface waves, and 10-min estimates
of K, average over any surface-wave signal (see also Supporting Information S1).

The most recent ypod configuration is described in Becherer and Moum (2017). Detailed comparisons of
turbulence estimates from ypods and more traditional shear microstructure profilers are discussed in Perlin
and Moum (2012) and Pujiana et al. (2015).

3. The Indian Monsoon of 2015

At the mooring location, the 2015 winter or northeast (NE) monsoon was characterized by negative net
surface heat flux that acted to cool the ocean with seasonal-average of —51.4 W/m? (daily values peaked
at —229 W/m?; Figure 1a), occasional precipitation (daily values ranged 0.2-1.5 mm/hr; Figure 1b), and
strong, persistent northeasterly winds (daily stress peaked at 0.2 N/m?; Figure 1c). In contrast, the 2015
winter-summer transition period was characterized by positive net surface heat flux in excess of 120 W/m?
(peaking at 170 W/m?), negligible precipitation (<0.3 mm/hr), and low wind stress (<0.04 N/m?). During
this transition, surface air temperature increased from 24 ° C in February to 31 ° C in June. The summer or
southwest (SW) monsoon was characterized by fluctuating net surface heat flux and a decrease in surface air
temperature to 28 ° C by September, persistent and heavy precipitation events (>2mm/hr), and the strongest
observed variability in wind stress, for example, 0.01-0.1 N/m? during 15-23 May and 0.04-0.3 N/m? during
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Figure 2. (a) Daily-averaged wind stress 7,,,. Daily-averaged diffusivity log;oK; at (b) 22 m, (c) 46 m, (d) 55 m, and

(e) 65 m in black, and smoothed 1-min averages in gray. (f) Normalized histograms of daily-averaged z,,, for 15 May to
15 July (gray), 15 July to 15 September (red), and the whole year (black outline). (g-j) Normalized histograms of
daily-averaged log,K; at same depths as (b)-(e) and color coding similar to (a) and (f). Median values are indicated

in (H-().

16-21 June. Cyclone Komen in late-July is identified by its associated negative net surface heat flux and the
year's highest precipitation and wind stress.

Upper-ocean temperatures (Figure 1d) increased during the transition to SW monsoon, resulting in
increased stratification over the upper 70 m. In June, they reached peak values after which the upper 25 m
cooled by almost 2.5 ° C over a 1-month period in concert with increasing monsoon winds. The onset of SW
monsoon winds was coincident with a shoaling of deep isopycnals in July/August, which later deepen again
in December (Figures 1d-1f). The general timing of uplifting (lowering) of isopycnals is consistent with the
transition to positive (negative) wind stress curl in the northern BoB based on wind climatology (Risien &
Chelton, 2008). This signal may be associated with upwelling (downwelling), but its origin is not certain,
given uncertainties associated with the interpretation of large-scale gradients past mooring sensors.

Substantial decreases in salinity (>6 psu; Figures le and 1f) during the latter half of the SW monsoon
mark the arrival of waters modified by Brahmaputra-Ganga-Meghna discharge and precipitation. The first
low-salinity pool arrived on 29 July accompanied by ~0.5 ° C drop in SST. Subsequent shallow (<15 m),
low-salinity (<27 psu) pools appeared over the SW monsoon persisting for roughly 10 days. Very shallow
MLDs (less than 10 m deep) were associated with these features (temperature-based MLD defined by | Ty, —
SSTI <£0.15° C and the density-based MLD defined following Lorbacher et al. (2006); Figure 1f). Low-salinity
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Figure 3. Hourly-averaged (a) net surface heat flux Qy;, (b) wind stress 7,,,, (c) temperature T (black line is the 32-psu
isohaline), (d) salinity S, and (e) diffusivity log;¢K, at 22 and 65 m. Wavelet transforms of log; K, at (f) 22 m and
(g) 65 m.

features observed later in the year (November and December) show similarly shallow MLDs. The barrier
layer thickness (i.e., difference between the density and temperature MLDs) was on average 8.5 m and
peaked at roughly 20 m in the latter half of the SW monsoon.

4. Observed Upper-Ocean Turbulence

Interpretation of turbulence measurements from these four moored ypods requires resolution of the MLD.
The ML was nearer to the 22-m ypod for a significant portion of the year (Figure 1f). Responding to
>0.24 N/m? wind stress events in the SW monsoon, the ML extended below the 46-m ypod for a total of
13 days. The diffusivity indicates variability in turbulence both above and below the ML over a wide range
of timescales (Figure 2). The characteristics of turbulence differed based on whether or not the ypod was
near the base of the ML (22-m ypod; Figures 1f, 2b, and 2g) or below the ML (other three ypods; Figures 1f,
2c-2e, and 2h-2j), as the interplay of surface forcing and stratification differed within these two environ-
ments. One manifestation of this difference is that turbulence at 22 m tended to be stronger in magnitude
and different in frequency than the sub-ML (>40 m) turbulence. The difference is primarily attributed to the
SW monsoon when the median (mean) value of the 22-m diffusivity was 1 (3) order(s) of magnitude higher
than the sub-ML diffusivity.
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Although intermittent, variability in turbulence at diurnal, semidiurnal, and shorter timescales is observed
below the ML; these signals were particularly enhanced within the diurnal band during the transition and
the SW monsoon (Figures 3 and S2). For example, at 65 m, a persistent (~1 month) diurnal signal in dif-
fusivity ranging 2 orders of magnitude is seen through the majority of July (Figures 3e and 3g), coincident
with a period of increased subsurface stratification. This intermediate-depth diurnal signal in diffusivity is
also seen at 46 and 55 m, but it is not as persistent (<15 days) as at 65 m. In contrast, the 22-m diffusivity
shows a broadband variability at the diurnal timescale (Figures 3e and 3f). Recall that estimates of y are not
calculated during convective periods. This omission combined with the lack of a convincing propagation
from the surface suggests that the diurnal signal is not convective in origin.

The origin of the diurnal cycle in diffusivity is not entirely clear and is a topic of further exploration. A few
noteworthy points, (1) the diurnal signal in diffusivity is narrowband (Figure S3), (2) the internal tide signal
(as diagnosed with band-passed, depth-dependent velocity; not shown) has a stronger semidiurnal compo-
nent (energy density ~10 J/m?) than diurnal (energy density <5 J/m?), and (3) a strong diurnal signal in
temperature stratification is not seen during this time period (Figure S3; e.g., as would be anticipated for
the development of a diurnal jet; Sutherland et al., 2016). A weak narrowband diurnal signal is apparent
in the east-west wind stress (Figure S4) during this time, so a possible interpretation is that the signal is in
response to acceleration of the water column by the winds. An alternative theory is that layers of enhanced
mixing are vertically advected past depth sensors by the diurnal tide. This explanation depends on the ver-
tical scale of stratification, shear, and mixing layers and their location relative to sensors. Observed patterns
in shear, stratification, and Richardson number do not yield conclusive evidence of heaving (Figure S5). One
final explanation is that the diurnal signal is biological in origin, that is, forced by migrating zooplankton
or fish (Pujiana et al., 2015). Given the lack of a narrowband diurnal signal in ancillary physical fields (e.g.,
stratification and velocity), biogenically forced turbulence is a possibility.

Turbulence also varied at the intraseasonal and seasonal timescales, which is arguably the most obvious
feature of Figure 2. For example, the 22-m ypod shows a strong 30-day signal in diffusivity ranging 3 orders
of magnitude during the SW monsoon. We distinguish two periods of the SW monsoon, 15 May to 15 July
and 15 July to 15 September. These periods were nominally defined by the buildup of the SW monsoon
winds (Figure 1c) and similar wind stress distributions (Figures 2a and 2f). Hence, the first period (black
rectangle in Figures 1c and 2) represents conditions in the SW monsoon before arrival of low-salinity water,
and the second period (red rectangle in Figures 1c and 2) represents conditions in the SW monsoon after
arrival of low-salinity water. Despite having similar wind stress, turbulence is quantitatively different in the
two periods for the sub-ML ypods.

4.1. Seasonality in Turbulence Near the Base of the ML

Turbulence at 22 m generally followed the strength of the surface winds (Figures 2a, 2b, and S6) with the
weakest (strongest) winds and diffusivities observed during the transition (SW monsoon). The median dif-
fusivity during the transition to the SW monsoon was 1.5 X 10~°> m?/s, which increased to 2.5 x10™* m?/s
during the SW monsoon. The highest diffusivity (1.1x1072 m?/s) is observed during the SW monsoon coin-
cident with wind stress in excess of 0.3 N/m? (Figure 3b). The transition to the NE monsoon was associated
with lower values of diffusivity (median 1.9x10~> m?/s; mean 3.8 x10~> m?/s). The distributions of 22-m dif-
fusivity (Figure 2g) prearrival and postarrival of low-salinity water are very similar (median 2.5x10~* m?/s
vs. 2.4 X107 m?/s) and an order of magnitude higher than the full year (median 4.2x107> m?/s). However,
diffusivity from mid-September until the end of October was low despite a few high wind stress events.

4.2. Seasonality in Turbulence Below the ML

At the onset of the SW monsoon winds (0.01-0.1 N/m? during 15-23 May), diffusivity at 46, 55, and 65 m
approached that of the 22 m (1.8 x10™* m?/s on 23 May). (The 46 and 55 m diffusivity increased by roughly
an order of magnitude within a few days at this time, while the 65-m diffusivity, already elevated, increased
at a slower rate.) Elevated sub-ML diffusivity is also seen during other seasons in response to winds, for
example, the peak on 1 January that coincided with a reduction in stratification (Figures 2c and 2d). Dif-
fusivity distributions differ significantly from one another with an increasing shift between median values
progressing downward in depth (Figures 2h-2j).

The most pronounced trend in sub-ML turbulence is the steady decline in the intensity and variance of dif-
fusivity observed during the latter half of the SW monsoon and into the NE monsoon season (Figures 2c-2e),

THAKUR ET AL.

4351



Geophysical Research Letters

10.1029/2018GL081577

(a) | | |
E 04- i
=~
NS SEEIEN
0 T T T T T
(b) ; , ‘ ‘ |
34 B
— 32 3
=30 i
28 T T T T T
SR 1Ll R —— \
it ey
§A25pr q ) il b i
%E | l I | 1f UL e it |
| ol by Rl il
70 il ) d “;I "l[ 1H [ l t I“k
0 () logloKt.(mZ/S) : .

May Jun. Jul. Aug. Sep. Oct. Nov.

Figure 4. Weekly-averaged (a) wind stress r,,, and (b) upper 30-m salinity S, with error bars by maximum and
minimum hourly-averaged 7,,, and S within each week (from hourly averages), respectively. Hourly-averaged

(c) logyoN? and (d) log;oK; interpolated linearly between 22-, 46-, 55-, and 65-m ypod depths (black dotted lines).
(e) Weekly-averaged 46- to 65-m log;oK; with the 95% bootstrap limit.

despite strong winds. After this decline, daily median and mean values of diffusivity remained low
(107> — 107° m?/s) for 3-5 months.

5. Buoyancy Suppression of Turbulence Below the ML by Low-Salinity Water

The low-salinity water was detected in the mooring in distinct pulses starting late-July and continuing into
the early NE monsoon (Figure 1f; the first occurrence is a set of three pools over 2 weeks (Figure 3d). The
first pool on 29 July was ~40-m deep, and the next two pools on 5 and 9 August were relatively shallow
(~20 m). The first caused an increase in stratification below 25 m while the following two caused increased
stratification above 25 m (in both cases N> ~ 1073 s72; Figure 4c). (Note that arrival of these freshwater pools
was roughly coincident with shoaling of subsurface isopycnals; however, the near-surface salinity stratifica-
tion accounted for a majority of the total change in upper-ocean stratification during boreal summer. Both
near-surface low-salinity water and the compression of isopycnals at depth contributed significantly to the
stratification in boreal fall; Figure S7)

The response of diffusivity to the increase in stratification associated with arrival of low-salinity water must
be interpreted with consideration of surface forcing, especially with regard to the strong storms occurring
in June and July (wind stress >0.3 N/m?). The decrease in winds on 28 June and 12 July coincided with
reduced diffusivities at all depths (Figures 2, 3b, and 3e).
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The reduction in diffusivity over this time span varied from 1.5-3 orders of magnitude in hourly averages
for the different ypods (Figure 4d). As compared to the late-June storm, the increase in diffusivity during
Komen was less in magnitude and restricted only to shallower depths (Figures 4d and 4e). The signal of
Komen is not at all obvious at 65 m (Figure 3e). This is despite stronger wind stress during Komen (Komen's
storm center passed within ~350 km of the mooring on 29 July.) High wind stress events occurred during
August and September, but diffusivities (and their daily ranges) below the ML remained low (Figures 2, 4d,
and 4e). After Komen, extreme turbulence events (1-min data; Figure 2) rarely exceeded 10~ m?/s below
45 m. Over this time period, the daily mean diffusivity at 65 m was 107> m?/s. Closer to the surface (22 m),
it ranged between 1073 and 107% m?/s.

Weekly averages of wind, salinity, and sub-ML diffusivity reflect the relative correlations between forcing,
stratification, and turbulence at this timescale. Weekly-averaged sub-ML diffusivity mimics the weekly aver-
aged surface salinity rather than the wind stress, in that the presence of low-salinity water (S < 32 psu;
Figure 4b) is associated with reduced diffusivity (Figure 4¢) but variable wind forcing (Figure 4a).

6. Conclusions

The upper-ocean turbulent response of the northern BoB is notable in several ways. First, semidiurnal to
near-inertial variability in turbulence shows intermittency throughout the year with periods of enhanced
turbulence often spanning 1 week to 1 month. The differences and variability at distinct depths (22, 46, 55,
and 65 m) are a reflection of the small vertical scale in the stratification (Figure 4c), which is often of the
order of 10 m or less. Furthermore, as layers heave past the ypods, signals that persist on individual layers
will be interpreted as time variability at that depth.

Second, turbulence within and near the base of the ML (22 m) shows a strong seasonality that varies with
monsoon winds, similar to results found by Warner et al. (2016) at 12° N. Turbulent diffusivity was strongest
(>1073 m?/s)in the SW monsoon with the two strongest storms of the year. In contrast to Warner et al. (2016),
diffusivity during the NE monsoon of 2015 was weaker than during the SW monsoon at 18° N. During times
of weak winds, often during transition periods, the daily averaged diffusivity occasionally dropped below
107> m?/s.

Third, turbulence beneath the ML (46-65 m) was suppressed in the second half of the SW monsoon during
the period of arrival of low-salinity water from riverine discharge and precipitation (Figures 4b and 4e),
coincident increase in near-surface salinity stratification (initial response), and also elevated subsurface
temperature stratification (boreal fall). A noteworthy example of this suppression is the lack of turbulent
response in the 65-m ypod when cyclone Komen transited the northern BoB (Figure 3e). Following Komen,
turbulence remained suppressed below the ML for 3 to 5 months (Figure 4e). Turbulence at 55 m recovered
to its original strength by the end of the year.

For 18° N, the high near-surface stratification contributed significantly to limiting vertical turbulent “com-
munication” within the water column for multiple months, isolating subsurface heat reservoirs with
consequences to upper-ocean heat and salt content and air-sea interactions. This suppression of turbulence
will also limit storage of surface fluxes at depth and must contribute toward the longevity of the low-salinity
surface layer.
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