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ABSTRACT: Observations in the Pacific Equatorial Undercurrents (EUC) show that the nighttime deep-cycle turbulence
(DCT) in the marginal-instability (MI) layer of the EUC exhibits seasonal variability that can modulate heat transport and sea
surface temperature. Large-eddy simulations (LES), spanning a wide range of control parameters, are performed to identify
the key processes that influence the turbulent heat flux at multiple time scales ranging from turbulent (minutes to hours) to
daily to seasonal. The control parameters include wind stress, convective surface heat flux, shear magnitude, and thickness of
the MI layer. In the LES, DCT occurs in discrete bursts during the night, exhibits high temporal variability within a burst, and
modulates the mixed layer depth. At the daily time scale, turbulent heat flux generally increases with increasing wind stress,
Ml-layer shear, or nighttime convection. Convection is found to be important to mixing under weak wind, weak shear condi-
tions. A parameterization for the daily averaged turbulent heat flux is developed from the LES suite to infer the variability of
heat flux at the seasonal time scale. The LES-based parameterized heat flux, which takes into account the effects of all control
parameters, exhibits a seasonal variability that is similar to the observed heat flux from the y-pods.
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1. Introduction

Sea surface temperature plays an important role in air—sea in-
teraction, and coupled climate models require its accurate pre-
diction. Observations in the Pacific equatorial ocean in recent
decades reveal that temperature in the mixed layer (ML) is
strongly affected by the subsurface turbulent heat flux associated
with deep-cycle turbulence (DCT), which occurs at night on the
upper flank of the Equatorial Undercurrent (EUC) (Moum and
Caldwell 1985; Hebert et al. 1992; Lien et al. 1996; Moum et al.
2013; Warner and Moum 2019). Recent large-scale regional
models (Pei et al. 2020; Cherian et al. 2021) also indicate the
importance of the DCT subsurface heat flux in this region, as
well as at the Atlantic equatorial ocean where the undercurrent
has a diurnal cycle of shear and stratification (Wenegrat and
McPhaden 2015) and DCT (Moum et al. 2022).

The DCT is supported by marginal instability (MI) since the
gradient Richardson number (Ri,) in the layer where it develops
clusters around the critical value of 0.25 for shear instability
(Smyth and Moum 2013; Smyth 2020). Previous studies sug-
gested that the heat flux depends not only on flow conditions lo-
cal to the MI layer but also on surface forcing (Lien et al. 1995;
Skyllingstad et al. 1999; Smyth et al. 2021, hereafter S21). It also
leads to seasonal warming of the ML during boreal spring and
cooling during autumn (Moum et al. 2013; Pham et al. 2017).

S21 used moored observations to identify the most impor-
tant parameters governing the deep cycle, focusing on the
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parameterization of the turbulent kinetic energy dissipation
rate. Using large-eddy simulations (LES), Whitt et al. (2022,
hereafter W22), introduced a parameterization for the turbu-
lent buoyancy flux that used different control parameters
from those in S21. In the present study, we extend the work
of S21 and W22 to examine the seasonal cycle of turbulent
heat flux. To do this, we employ LES to characterize DCT
over multiple time scales in a parametric study that spans the
range of conditions in observations.

On the daily time scale, previous observational and numeri-
cal studies suggest the depth-averaged dissipation rate (&) of
the DCT scales with the friction velocity (u,) and some bulk
measure of the shear (S”) through the scaling: & = y,u2S”,
where the proportionality constant (7y,) and the quantification
of S vary significantly among the studies. For example, using
turbulence measurements during a 12-day cruise during the
Tropic Heat I experiment (November—December 1984), Moum
et al. (1989, hereafter M89) correlated the depth-averaged dissi-
pation rate with the wind and the depth-averaged shear between
10- and 25-m depths and found vy, ~ 0.19. In contrast, S21 ana-
lyzed the multiyear record of turbulence measurements from
moored x-pods (Perlin and Moum 2012) and suggested that the
depth-averaged dissipation rate is proportional to (128)%, in
which case dimensionality requires the inclusion of another
dimensional parameter, chosen to be the short-wave buoyancy
flux (Bsw). Furthermore, they specified S° to be the averaged
shear in the MI layer. Using LES embedded inside a regional
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MITgem simulation with realistic surface forcing, W22 found
that the peak turbulent buoyancy flux (J;**) in the MI layer can
be parameterized as Jp** = 'y‘“a" 25> where the coefficient
y‘“a" =0.16 and S” is the bulk shear across both the surface
mixed layer and the MI layer. The difference between the scal-
ings of M89, S21, and W22 motivate us to reexamine how the
DCT can be parameterized on a daily average basis given the im-
portant consequences for quantification of turbulent heat flux
and thus the warming or cooling of sea surface temperature.

Parameterization studies have inherent limitations linked in
part to the observational data employed. Shipboard profiling
experiments yield detailed vertical resolution but short time
series so that surface forcing and background flow condition
are limited to a narrow range. The x-pods yield long time se-
ries but relatively coarse vertical resolution which can affect
the parameterization quality. The LES simulation in W22 pro-
duces high-resolution turbulence data but the forcing parame-
ters are limited to the conditions during the period between
October and November 1985. Expanding from the work of
W22, we use high-resolution LES to simulate DCT over a
wide range of forcing and, additionally, utilize the long-term
turbulence measurements from the x-pods to understand
what causes the difference between the scalings in the previ-
ous studies and further explore other parameters that can in-
fluence the turbulence.

To evaluate the parameterization of DCT, it is necessary to
characterize the DCT at turbulence time scales (i.e., minutes
to hours). Previous small-scale studies (using shipboard mi-
crostructure data or LES) have shown the evolution of the
DCT to be complex. It involves the evening descent of a near-
surface shear layer which triggers local shear instabilities in
the MI layer leading to DCT (Smyth et al. 2011, 2013; Pham
et al. 2013). Often, DCT occurs in multiple bursts and exhibits
high temporal and spatial fluctuation (M89; Smyth et al. 2017)
and so does the heat flux (Sarkar and Pham 2019). Wang and
Miiller (2002) showed that DCT can be triggered by nighttime
convection in the absence of wind stress. Nighttime convec-
tion affects the parameterization of turbulence in the surface
mixed layer (Lombardo and Gregg 1989); however, its role in
the DCT parameterization has not been evaluated. Here, we
characterize DCT in a systematic parametric study using LES,
specifically addressing the following questions regarding the
response of DCT and the associated turbulent heat flux:

e How would the variation in the wind stress, surface buoyancy
fluxes, and background conditions that are found in observations
affect the intensity and vertical extent of the bursts of DCT?

e What importance does convection have in the DCT relative
to other forcings such as wind and EUC shear?

e Can the heat flux be parameterized using the LES data?
How does a linear combination of governing parameters
compare with previous parameterization? Since the LES is
designed to span a wide range of EUC conditions, how
does the LES-based parameterization compare with the
seasonal cycle in observations?

The paper is organized as follows. The parameter space
and description of the LES model are provided in section 2.
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TABLE 1. Definition of parameters used in discussion.

Parameters Definition

Qsws Bsw Solar heat flux and corresponding buoyancy flux

Ohns, Bo Nonsolar surface heat flux and corresponding
buoyancy flux

Ty Wind stress

u, Frictional velocity

i Thickness of marginal instability (MI) layer

MLD Mixed layer depth

M Depth where Ri, exceeds 0.3

Zmex Depth of peak J, in MI layer

S, smax 5P Shear profile, shear at z™* and depth-averaged
bulk shear

O, Horizontally averaged turbulent heat flux profile

€ Horizontally averaged dissipation rate profile

& Horizontally averaged and daily averaged
dissipation rate profile

Jos Jqp Daily averaged turbulent heat flux profile from
LES and parameterizations

g, g Dissipation rate at z™** from LES and its

parameterized value
ymax Dissipation rate normalized by u?S™

T, JMLD Heat flux at z™* and MLD
};‘;"‘, J};’IPLD Parameterized heat flux at z™** and MLD
7;‘2" Depth-averaged parameterized heat flux over

the MI layer

We address the questions posed above regarding the DCT re-
sponse at turbulence time scales and the role of convection in
section 3. The third question is answered in the affirmative
and a new parameterization for daily averaged subsurface
heat flux is introduced in section 4. We then apply the param-
eterization in the context of the seasonal cycle of the heat flux
using the long-time data record from the 0°, 140°W TAO
mooring in section 5. Discussion and conclusions are given in
section 6.

2. Model setup

We construct a parametric study to investigate the charac-
teristics of DCT over a wide range of surface forcing and
background flow conditions. The parameters of interest in-
clude westward surface wind stress (7,), nighttime convective
flux (Qys), shear (S), and the thickness (/) of the MI layer. The
sign convention for the surface heat flux is positive when down-
ward into the ocean. Here, Ay is calculated as the distance be-
tween the MLD and the depth where Ri, = N?/S* = 0.3. Table 1
lists these parameters and some other quantities relevant to our
study. For each parameter, we select values from a wide range
that was observed during the period between 1990 and 2020 at the
0°, 140°W TAO mooring (Pham et al. 2017). To label the simula-
tions, abbreviation C is used for convection, W for wind, and S
and T for the shear and thickness of MI layer, respectively. In-
creasing numeric labels (1-4 for C, T, and S and 1-6 for W) are
used to denote increasing intensity of the forcing in question. The
range of values for each parameter is given in Table 2. It should
be noted that, in regard to Ay, we are specifically interested in
how the DCT differs when the MI layer thins during the spring
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TABLE 2. Values of surfacing cooling flux (Q,s), initial thickness of MI layer (A1), wind stress (7,), and initial shear magnitude in
the MI layer (Sp) used in parametric studies.

Abbreviation Ons (W m™?) Abbreviation hypr (m) Abbreviation 7, (N m™?) Abbreviation So (s7h
C1l —100 T1 30 W1 —0.005 S1 0.01
C2 -125 T2 40 w2 —-0.025 S2 0.015
C3 -150 T3 50 W3 -0.05 S3 0.02
C4 -175 T4 60 W4 —-0.075 S4 0.025
W5 -0.1
W6 -0.2

season. When we vary Ay, T1 refers to the thinnest MI layer
(30 m) while T4 indicates the thickest value (60 m). A total of
27 LES cases involving various combinations of forcing param-
eters are included in the analysis.

The initial zonal current U(z) is modeled after the SEC and
the upper flank of the EUC by a three-layer profile: a surface

U(z) = —ISo + h.S,

mixed layer (Amip,o = 25 m) with constant velocity, a MI
layer with thickness /iy having constant shear, and a
deep layer with constant velocity. The three layers are
separated by smooth transitions over a vertical length
scale i, = 8 m. The profile is constructed using the fol-
lowing expression:

cosh[(z + Ay )/hy J/cosh(hyy 1 o/h,,)

2 2

where S, and Ay are peak shear magnitude and thickness of
the MI layer, respectively. The values of Sy and Ay are listed
in Table 2.

Similarly, the initial temperature profile 7(z) is modeled
with a three-layer profile as follows:

T(z) =T, + Niz _ My, {COSh(Z i hMLD")/h“}

2ag 2ag cosh(hyy p o/hy,)

n (N3 — Noh, lo cosh[(z + hyyp o + Ayg)/hy]
2ag cosh[(hyy o + Iyg)/h, ]

@

where Ty is a reference temperature, o = 2 X 107#°C ™! is the
coefficient of thermal expansion, and g = 9.81 m s~ 2 is grav-
ity. Stratification in the MI layer (NZ;) is set to be equal S3/4
as per the marginal instability condition described above and
N2 =4 %10 *s~? is the stratification in the deep layer below.

Profiles of zonal current, temperature, squared shear,
squared buoyancy frequency, and gradient Richardson num-
ber are shown in Figs. 1a and 1b. Since the intensity of the
DCT is anticipated to vary with surface heat flux (equivalently
surface buoyancy flux By) and the product of u2S™, where
S™ is the shear where the turbulent heat flux peaks in the
MI layer, the LES is expected to deliver a wide range of dissi-
pation rates. Figure 1c illustrates the range spanned by the 27
simulations in B,~u?S™™ space. The simulations span two or-
ders of magnitude in terms of #2S™®, which provides suffi-
cient data to examine the turbulence scalings. In the present
study, initial conditions (i.e., uniform shear and stratification)
are idealized to reduce the numbers of parameters involved in
the turbulent parameterization analysis. We also exclude
large-scale forcing terms such as lateral advection that were

0 s 1
g{cosh[(z T Iy o + )y Jcosh (g p o + hMI)/hu]} M

considered in W22 as well as in previous LES studies of Wang
et al. (1998) and Large and Gent (1999). In the case of Lang-
muir turbulence, Pearson et al. (2015) found the dissipation
rate in the ocean surface boundary layer depends on ML
depth. The influence of Ay pp and other secondary parame-
ters such as A, is not evaluated here since the number of LES
cases is already large.

In each simulation, there is a spinup period in which the
ML responds to the applied wind stress. The duration of
spinup varies among the cases depending on surface forcing.
We allow the ML to develop until peak entrainment (nega-
tive) buoyancy flux reaches 25-m depth. After spinup, we re-
set time to zero and continue the simulations for 24 h. The
surface fluxes, i.e., the wind stress and nighttime buoyancy
flux, are turned off after the first 12 h such that the surface
mixed layer becomes quiescent during the final 12 h, which
corresponds to the daytime period. Previous studies have sug-
gested formation of a diurnal warm layer (DWL) during weak
wind conditions (Hughes et al. 2020a,b, 2021). Resolving the
DWL requires finer grid resolution near the surface which in
turn significantly elevates computational cost. Based on our
previous studies (Pham et al. 2017; Sarkar and Pham 2019),
the turbulent heat flux driven by the DWL occurs at shallow
depths during late afternoons and is distinct from our subject
of interest—the nighttime DCT in the MI layer. Therefore, to
control the computational cost of the LES suite of 27 simula-
tions, we exclude daytime warming from our examination of
DCT.

The LES model is based on the Navier-Stokes equations
under the Boussinesq approximation for the evolution of ve-
locity components, dynamical pressure, and temperature. The
solver uses second-order finite-difference method for spatial
derivatives and mixed third-order Runge-Kutta and Crank—
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FIG. 1. Initial background profiles used in the parametric study of (a) shear and (b) thickness of MI layer. The panels from left to right
show the zonal current (U), temperature difference from a reference value (T — Tj), squared shear rate (%), squared buoyancy frequency
(N?), and gradient Richardson number (Ri,). (a) Profiles with variable shear in the DCL: S, = 0.01 (black), 0.015 (red), 0.02 (blue),
0.025 (green) s~ ! and (b) profiles with variable thickness of the DCL: /iy = 30 (black), 40 (red), 50 (blue), 60 (green) m. Black dashed
lines on the far right panel mark the critical value of 0.25 for linear shear instability. (c) The wide range of the turbulent energetics in the

27 simulations in the Bo—u%Sb parameter space.

Nicolson methods for time advancement. A multigrid method
is used to solve the Poisson equation for the pressure. The pa-
rameterization for LES subgrid stresses utilizes the filter
structure function as described by Ducros et al. (1996). A sub-
grid Prandtl number of unity is assumed to compute the sub-
grid heat fluxes. Further details of the LES implementation

can be found in Pham et al. (2023). We assume that stratifica-
tion is dominated by the temperature gradient, and thus, we
neglect the transport equation for salinity [see supplemental
information in Smyth and Moum (2013)]. The effects of Lang-
muir turbulence and precipitation, which were included by
Pham et al. (2023), are also neglected. Rain can impact mixing
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in the ocean surface layer (Smyth et al. 1997; Thompson et al.
2019; Moulin et al. 2021) and particularly at the TAO moor-
ing (Whitt 2022). Like DWL, resolving rain layers in LES
greatly increases computational cost, and thus, we do not in-
clude effects of rain in the present study.

The computational domain is a rectangular box with size of
384 m X 96 m X 143 m in the zonal (x), meridional (y), and
vertical (z) direction, respectively. The grid size of 384 X 96 X
384 points in the three directions gives 1-m resolution in the
horizontal direction. Vertical resolution is 0.25 m in the upper
90 m and the grid is mildly stretched at 3% below. Periodicity
is imposed in the horizontal directions. Wind stress and buoy-
ancy flux are applied at the top surface. A free-slip condition
with constant temperature gradient is applied at the bottom
surface. A sponge layer is included in the bottom 20 m to pre-
vent the reflection of internal waves.

To diagnose DCT, we examine the evolution of mean and
turbulence statistics. Reynolds averages are denoted by angle
brackets ({*)), which are obtained by computing horizontal
averages. Turbulence statistics are obtained as averages of
quantities involving fluctuations from the mean, which are de-
noted by primes. Turbulence quantities of primary interest
are the turbulent heat flux (Q,) and the terms in the turbulent
kinetic energy (TKE) budget. The heat flux Q, is obtained by
computing the sum of resolved and subgrid heat fluxes
pocp{T'W') + Q3 The major source of the TKE is the shear
production SP = —(u'w’)d(u)/oz while the largest sink is
dissipation € = —(7';s7;) + 2v(sjs};), where 7; and s} are the
fluctuating subgrid stresses and fluctuating resolved strain
components, respectively. It is noted that the buoyancy flux
B is directly related to the heat flux B = (ag/poc,)Q,. Here,
po=1020kgm >, » =10 °m*s ', and ¢, = 4000 T kg ' K™
are reference density, viscosity, and specific heat of seawater,
respectively. When we characterize the DCT in terms of daily
averages, we will use J, to denote daily averaged values of Q,,
Jp, for the daily averaged B, ¢ for the daily averaged €, and P
for daily averaged SP.

In the present model setup, the ML and MI layers are ideal-
ized regimes where turbulence is energized by surface fluxes
and by mean shear, respectively. Although they are never re-
alized precisely in the real ocean, these idealizations provide a
useful conceptual picture and a guide for parameterizations.
Turbulence in the MI layer is modulated by the surface mo-
mentum flux, but it is nevertheless distinct from ML turbu-
lence because its primary energy source is the mean shear in
the upper flank of the EUC. This mean shear is not directly
set by the local wind and upper-ocean stratification, but rather
depends on the equatorial ocean dynamics that occurs at
larger spatial and temporal scales. This is the key distinction
from the parameterization of turbulence in the mixed layer, in
which only the local surface forcing and mixed layer depth are
required (Pearson et al. 2015). The ML base that separates
the ML and MI regimes is defined in the present study by a
temperature drop of 0.04 K from the shallowest value (equiv-
alent to a density drop of 0.01 kg m ™). The MI layer is taken
to extend from the MLD to the lowermost depth at which
Ri, = 0.3. While never exact, these criteria are standard in the
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interpretation of observations and are used here for consis-
tency with the existing literature.

3. Characteristics of nighttime deep-cycle turbulence

Nighttime DCT occurs in multiple bursts during which the
instantaneous dissipation rate (e) varies significantly in time
and takes values much larger than inside the mixed layer
(M89; Smyth et al. 2013; Pham et al. 2013; W22). Vertical pro-
files of € show a local peak inside the MI layer below which €
decreases smoothly until the capping depth where Ri, in-
creases sharply. In this section, we examine how the forcing
parameters affect the bursts of DCT with particular attention
to the intensities and vertical distributions of € and Q,.

a. Effects of nighttime convection

It is of interest to examine the role of the convective flux in
the cases where the wind stress and the shear are weak and B
is comparable to the product u2S. Figure 2 contrasts the evo-
lution of the DCT in the four cases where the intensity of sur-
face cooling is increased from Q,s = —100 to —175 W m~2
(C1-C4) as wind and shear are kept at low values 7, =
—0.005 N m~2 (W1) and Sy = 0.01 s~! (S1), respectively.
Mixed layer depth (MLD) is identified by a temperature de-
crease of 0.04 K from its value at 5-m depth. Despite weak
wind and shear in all cases, DCT occurs and leads to elevated
€ below the MLD (see magenta lines on left panels in Fig. 2).
The main difference among the cases is in the transient behav-
ior of turbulence bursts. Dissipation below the MLD in cases
C3 and C4 occurs in pulses while cases C1 and C2 show a
more steady evolution that persists throughout the night. The
amplitude of the DCT pulsation increases when B increases
as previously suggested in Smyth et al. (2017). When averaged
over the 24-h period (see red curve in the rightmost panels of
Fig. 2), increasing By results in higher values of Q,.

b. Effects of initial MI-layer thickness

We now consider the impacts of increasing /Ay from 30 to
60 m (T1-T4) in the left column of Fig. 3. In cases T1-T3, the
second burst persists for a significantly longer time than the
first. In contrast, the two bursts in case T4 persist for a similar
amount of time. The bursts extend to greater depth in cases
with thicker initial Ayg. Furthermore, the second burst ex-
tends deeper than the first burst and peak values of € during
the second burst tends to be stronger. Due to entrainment
during the first burst, the instantaneous Ay thickens during
the second burst, and the thicker MI layer allows the burst to
extend deeper into the thermocline.

Peak values of J, (—84 W m™? in T2 and —126 W m ™ in
T4) tend to increase with increasing hy although the differ-
ence between cases T2 and T3 is minimal. The peak value of
daily averaged shear (S) in case T4 is considerably smaller
than in the other three cases (see second column of Fig. 3).
However, the T4 case has the largest bulk shear computed as
an average over the MI layer. This suggests that the peak
value of J, does not increase with the peak value of S in the
Ml layer, but rather, correlates with the shear at the peak J,,.
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FIG. 2. (a)-(d) Comparison of deep-cycle turbulence among four cases with increasing convection (C1-C4): (left) turbulent dissipation
rate, (center) daily averaged profiles of squared shear (§%) and stratification N?, and (right) daily averaged profiles of gradient Richardson
number (Ri,) and turbulent heat flux (/,). The nighttime cooling flux takes the values of 100, 125, 150, and 175 W m™ 2 in the four cases in
(a)—(d), respectively. Dashed magenta lines indicate MLD.
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FI1G. 3. Asin Fig. 2, but among the four cases with increasing MI layer thickness (T1-T4). The MI layer thickness takes the values of 30,
40, 50, and 60 m in the four cases in (a)-(d), respectively.

c¢. Effects of wind stress (see left column in Fig. 4). More importantly, the turbulence

Increasing the magnitude of wind stress from 7,, = —0.025  occupies the DCL over a longer time period with increasing
to —0.2 N m~? (W2-W5) intensifies the DCT. The peak value ~ wind stress. Only one relatively short burst occurs in the W2
of € is weakest in the W2 case and strongest in the W5 case case while there are two bursts in the other three cases
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FIG. 4. As in Fig. 2, but among the four cases with increasing wind stress (W2-WS5). The wind stress magnitude takes the values of 0.025,
0.05,0.075, and 0.1 N m 2 in the four cases in (a)—(d), respectively, while the shear in the MI layer is held constant at S = 0.02's " (S3).

(noting that we do not count the small pulse occurring at 18 h
in the W5 case as a separate burst). Previous studies have sug-
gested that the first DCT burst of the night is triggered by a
descending shear layer from the surface mixed layer (Price

et al. 1986; Smyth et al. 2013; Pham et al. 2013, 2017). The de-
scending shear layer was found to form in late afternoon
when the solar heat flux relaxes. In the present study, we also
observe the formation of a shear layer (not shown) at the
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MLD prior to the DCT bursts. It deepens into the MI layer
and triggers the bursts.

As the wind stress increases from W2 to W5, the first
burst occurs at progressively earlier time. In case W2, it
takes nearly 9 h for the descending shear layer to penetrate
into the DCL and trigger the turbulent burst compared to
about 2 h in case WS5. Thus, the descent rate of the shear
layer is controlled by the wind stress, i.e., the entrainment
rate u, of the descending shear layer correlates with the fric-
tion velocity u,. If the first DCT burst occurs at an earlier
time, it is more likely that the night accommodates multiple
bursts. Since the initial burst in case W2 occurs late, by the
time DCT from that burst has subsided, the night has ended.
The convective turbulence has diminished at this time, thus
shutting down the trigger mechanism (i.e., the descending
shear layer). In contrast, the first burst in case W3 occurs at
an earlier time and dissipates at approximately 10 h when
the ML turbulence is still sufficiently strong to trigger a sec-
ond burst.

Increasing 7, results in stronger daily averaged heat flux
(see third column in Fig. 4). The peak value of J, increases
substantially with increasing wind stress. Furthermore, the
vertical extent of the J, profile in case W2 is notably thinner
than in the other three cases. When the DCT is relatively
weak as in case W2, the turbulent heat flux profile does not
spread over the entire vertical extent of the MI layer. In the
other three cases, the heat flux diminishes only at depths
where Ri, exceeds 0.25 below the Ml layer.

d. Effects of the MI-layer shear

Increasing shear in the MI layer also results in stronger
DCT (see first column in Fig. 5). The peak value of € increases
from S1 to S4 cases. In case S1, one long burst of DCT persists
throughout the night. In case S2, weak high-frequency modu-
lation is evident. Cases S3 and S4 show two bursts with signifi-
cant high-frequency modulation. Since the value of Ri, in the
MI layer is set initially to 0.25 in all cases, the initial buoyancy
frequency (N) increases proportionally to the initial shear. In-
creasing N and S among these four cases promotes growth
and modulation of DCT. Due to the increase of DCT with in-
creasing Ml-layer shear, the daily averaged MLD becomes
shallower (by almost 14 m from S1 to S4). Peak values of J,
are larger with increasing shear (see second and third columns
in Fig. 5).

The peak values of J, are similarly large in the high-shear
S4 case of this series and the high-wind W5 case of the wind
stress variation series. However, there is a difference in the
DCT profiles. As noted above, large MI-layer shear tends to
spread the DCT turbulence upward and shallows the mixed
layer (by about 14 m from S1 to S4). Increasing wind (cf. W5
to W2 in the rightmost panel of Fig. 4) has little effect on the
daily average MLD.

While DCT is enhanced when MI-layer shear is increased
(i.e., Fig. 5), 7, also contributes to increased turbulent mixing
(i.e., Fig. 4). The dependence of DCT on both S and 7, high-
lights unique characteristics of forced MI and the resulting
DCT. The MI state represents more than just a local (to the
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EUC) shear instability because the triggering mechanism is as
important as the local shear with respect to turbulence ener-
getics. For instance, the entrainment rate of the descending
shear layer depends on the wind stress and correlates with
DCT and its heat transport as was illustrated in section 3c.
Furthermore, the instantaneous dissipation induced by DCT
is influenced by the shear and stratification local to the MI
layer. The stronger is the shear in the MI layer, the stronger is
the DCT. These characteristics of MI and DCT further con-
firm that the parameterization of & requires taking into ac-
count the strength of surface processes (e.g., wind stress and
convection) as well as of the local EUC shear (S21; W22). MI
is not unique to the Pacific equatorial ocean. It has also been
observed in other oceanic settings such as in Columbia River
plume and Mediterranean outflow where the control parame-
ters are different from the ones being considered in the pre-
sent study (Smyth 2020). Recent laboratory experiments on
stratified inclined duct flows (Lefauve et al. 2019) and simula-
tions of forced stratified shear layers (Smith et al. 2021) also
show the occurrence of MI in these idealized flow problems.
Those studies suggested that the parameterization of the tur-
bulent mixing driven by MI requires a more exhaustive list of
control parameters.

e. Nonmonotonic behavior of J,

While we attempt to extract the DCT dependence on the
different forcing parameters in the discussion above, it should
be noted that the dependence exhibits variability due to the
multiple physical effects involved. This is especially true of
the transient behavior of the DCT. The number of turbulent
bursts, the peak dissipation in each burst and the persistence
of each burst control the net amount of mixing in the DCL
over the daily time scale. Figure 6 contrasts J, in six separate
groups. In each, we focus on the correlation between J, and a
particular forcing parameter. Nonmonotonic behavior is ob-
served when the MI layer thickness is varied. The peak value
of J, does not increase between the T2 and T3 cases (i.e.,
Fig. 6b). In the two groups where we vary 7,, while holding S
in the MI layer constant at S2 and S3 (i.e., Figs. 6c,d, respec-
tively), there is monotonic increase in the peak value of J,
with increasing 7,,. The monotonic increase is also observed in
the group in which § increases while holding ,, constant at
W3 (i.e., Fig. 6f). However, when we vary S at W3 wind, the
peak values of J, are similar between cases S2 and S3 (i.e.,
Fig. 6e). The nonmonotonic behavior in the relationship be-
tween J, and the forcing parameters exhibited in some of the
groups poses challenges in the parameterization of DCT. Fur-
thermore, since turbulence is a chaotic dynamical system, the
bursts of DCT can be sensitive to small perturbations of the
background flow and the surface forcing (Liu et al. 2022).
Nevertheless, within the parameter space of the present study
(which is representative of conditions observed in the Pacific
equatorial ocean), we see generally larger J, in cases with
larger 7, and S (i.e., Figs. 6¢,d,f). Thus, we are able to identify
from the LES that 7,, and S, have stronger influence on turbu-
lent heat flux than Q, and Ay, similar to the results found in
S21 and W22.
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FIG. 5. As in Fig. 2, but among the four cases with increasing shear in the MI layer. The shear (Sy) takes the values of 0.05, 0.1, 0.15, and
0.2 s~ ! in the four cases in (a)-(d), respectively while the wind is held constant at 7,, = —0.075 N m ™2 (W4).

4. Parameterization of daily averaged deep-cycle we observe the following trends in the DCT and the resulting
turbulence daily averaged heat flux (J,):

As the forcing parameters (i.e., Ons, A, Ty, and S) are var- 1) The intensity of J,, especially at its larger values, is
ied in control simulations as discussed in the previous section, mostly influenced by 7, and S. Increasing Q,s and Ay
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FIG. 6. Comparison of daily averaged turbulent heat fluxes in various parametric studies: (a) convection, (b) MI
layer thickness, (c) wind with moderate shear (S2), (d) wind with strong shear (S3), (e) shear with moderate wind
(W3), and (f) shear with strong wind (W4).

to high observed values also enhances the DCT but less  3) The intensification of J, occurs continuously from the sur-

strongly. face to the base of the MI layer.

2) While there is a correlation between the MI-layer shear S 4) Once DCT occurs (e.g., as in Figs. 2-5), the dissipa-
and the intensity of J,, peak values of J, do not occur at tion rate ¢ tends to increase rapidly relative to the re-
the depth with the strongest shear. gion above the MLD. Thus, the MLD can be used to
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FIG. 7. (a) Energetics at z

(P™™), dissipation (¢™**) and buoyancy flux (/;'**). (b) The momentum flux J,, at z
wind stress (i.e., u2) in the strong turbulence regime where -y = 107 ¥ m

cases as previously defined in Fig. 1.

set the upper bound on the vertical extent of the J,(z)
profile.

Based on these observations, we construct parameteriza-
tions for the daily averaged dissipation rate and subsurface
turbulent heat flux.

a. Parameterization of &

To further gain insights to what controls the turbulence in
the deep-cycle layer, we analyze the TKE budget at the depth
where the turbulent heat flux is most intense (i.e., ™)
Figure 7a shows that the local shear production (P™) is the
major source of TKE and it is mainly balanced by £™** and
the buoyancy flux (/). The flux Richardson number
(Rif = —J®/P™¥) varies between 0.21 and 0.38 and the ratio
£M/PMAX clusters in a range between 0.59 and 0.69 despite
the wide variability in J* (1078 = —/m* <10 m?73, a
factor of 32). The values of the ratio £™**/P™** and Ri,in the
present LES fall within the range reported in DNS of strati-
fied shear flows (Jacobitz et al. 1997; Smyth et al. 2001; Pham
et al. 2009; VanDine et al. 2021).

The similarity suggests that the shear local to the deep-cycle
layer is the main source of TKE. To inspect the role of the
surface wind stress, Fig. 7b shows how the momentum flux
I at Zmax varies with Jp@*. In the regime of strong DCT
(=T = 107" m?s73), Jmax = (1/w’)™ is directly propor-
tional to u2. However, /¥ does not follow such proportional-
ity in the regime —/P*<10""*m?s~3, which suggests that
surface convective flux contributes significantly under weak-
wind/weak-shear conditions. We note that W22 also identified
a transition between two regimes of DCT at a similar value of
J although they did not consider the possible effect of con-
vection in their parameterization.
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Overall, the analysis of TKE budgets at z™* indicates
that the shear local to the MI layer, wind stress and possi-
bly surface convective flux are the important parameters
in the parameterization of e. To explore how & varies
across the two regimes of mixing (in terms of J;'*), Fig. 8a
shows the vertical profiles of ¢ normalized by u?S™2*, where
S™@X is the shear at z™**. The normalized profiles indicate a
spread as large as a factor of 10 in terms of peak normal-
ized dissipation rate. Figure 8b reveals how the peak nor-
malized dissipation rate (y23% = gM3%/y2§™a%) varies with
the ratio u?S™*/B,. In the cases with u2S™%/B = 4, ymax
clusters in a narrow range between 0.12 and 0.28. When
u2S™/B < 4, however, Y™ increases sharply as u?S™*/B,,
decreases. We perform regression using the following
form:

2 gmax

B

Y =a +b, 3)

0

and find the coefficients a = 0.36 [0.32, 0.4], b = 0.18 [0.15, 0.2],
and the correlation coefficient ¥ = 0.93. The quantities in-
cluded in square brackets indicate the 95% confidence interval.
This leads to a new parameterization for the peak dissipation
rate:

& = 0.36B, + 0.18u;S™. (4)

Figure 8c shows the vertical profiles of ¢ again but normalized
using the new scaling obtained above. Relative to Fig. 8a, the
spread among the profiles is limited within a factor of 2 in
terms of peak normalized values.
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FIG. 8. (a)-(c) Parameterization of daily averaged dissipation rate. Vertical profiles in (a) are normalized by 1?S™X.
Panel (b) shows a new parameterization for the peak dissipation rates that depend on By and u2S™. The vertical pro-
files normalized by the new scaling are shown in (c). The profiles in (a) and (c) are only shown in the MI layer. Marker

and line colors denote different simulations as in Fig. 1c.

b. Parameterization of J,

We aim to parameterize the turbulent heat flux profile,
J,»(2), specifically the values of heat flux at three depths: the
MLD, the base of the MI layer, and the location of peak J, at
z = ™. These three locations are denoted by the red stars
in the schematic diagram in Fig. 9a. Historically, M89 and S21
among other studies of DCT (Lien et al. 1995; Pham et al. 2017)
chose to quantify the turbulent mixing in the DCL separately
from the turbulence in the mixed layer. Observation 4, dis-
cussed at the beginning of this section, also supports the use of
MLD as the upper bound of the MI layer. The use of a cutoff
gradient Richardson number to set the lower bound of the MI
layer (i.e., observation 3 above) is consistent with S21 and W22.

Exclusion of the mixed layer from our DCT parameteriza-
tion has operational advantages as opposed to W22, who

chose to include the mixed layer turbulence in their param-
eterization. The shear data in the surface mixed layer at the
TAO mooring is highly limited while the shear in the MI
layer is more readily available. By tuning the control pa-
rameters (i.e., shear and stratification) to the MI layer in-
stead of the surface mixed layer, we are able to apply the
parameterization to the long-term TAO mooring data as
will be demonstrated in the next section. For simplicity and
ease of comparison with the relatively coarsely-resolved
x-pod data and as previously done in W22, we assume that
J,p has a piecewise-linear form defined by the values of
heat fluxes at these three depths—MLD, z™*, and ™.
With respect to the J, profile from the LES case shown in
Fig. 9a, the linear approximation slightly underestimates
the heat flux.
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FIG. 9. (a) A schematic for a parameterization of the daily averaged turbulent heat flux profile J, ,(z). The parame-
terization is constructed using the daily averaged z-dependent profiles of (b) turbulent heat flux (J;), (c) shear, and
(d) gradient Richardson number. The profiles in (b)-(d) only show the values inside the MI layer.

In the rest of this section, we will use the LES suite to find
formulae for z™ and z™" and the corresponding values of J,,
at these depths as well as at the MLD (the MLD is readily
available from the TAO mooring and does not require pa-
rameterization). The formulae are deduced based on the daily
averaged profiles of J,, S and Ri, from the 27 simulations
along with the employed surface forcing (see Figs. 9b—-d). We
emphasize that the parameterization uses daily averaged
background flow conditions from the LES rather than initial
conditions in order to account for intraday evolution of DCT
in the LES and its effect on the background. There is no loss
of generality since the daily averaged shear across the MI
layer spans a range as wide as the initial shear (cf. the shear
values in Table 2 and the shear profiles in Fig. 9c).

Motivated by observation 3 that J, decreases to zero at the base
of the MI layer, we select the threshold value of Ri; = 0.3 to locate
M and set J,,,, to be zero at this depth. Figure 9b, in conjunction
with Fig. 9d to determine the location of Ri, = 0.3, shows J,, values
at ™" are smaller than 20 W m ™2 in nearly all simulations except
for the cases with strongest (W6) wind. Using a higher value of Ri,

for the threshold deepens the MI layer. Such extension in the ver-
tical, although small, deteriorates the agreement between the pa-
rameterization and the y-pod data due to the large shear at z™
(see Fig. 9¢). Including the larger shear would be incorrect since it
falls outside the region with significant turbulent heat flux. We
note that the parameterization in W22 used a slightly larger value
of Riy = 0.35 while S21 used Ri, = 0.25 for ™.

Taking the cue from observation 1, we aim to deduce the
relationship between the parameterized peak heat flux (/75*)
and the product #2S™* in the form:

PyC
J[T;x = _,yljnax igp u%Smax’ (5)

where the coefficient ¥ can vary with the ratio u>S™*/B, as

was observed for the dissipation rate in section 4a. For the

maximum heat flux, Fig. 10a indicates

uz gmax B
B

W =a +b, (6)

0
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FIG. 10. Parameterization of (a) the peak heat flux (/i) and (b) the heat flux at the MLD (J(II"ILD). Colors are used to
indicate different simulations as in Fig. 1a.

where the coefficients a = 0.15 [0.14, 0.16] and b = 0.068
[0.061,0.074] and * = 0.97. This leads to
max pOC

m a—g”(o.wBO + 0.068u285™3%). (7)
Carrying out the same analysis for the heat flux at the MLD,
Fig. 10b indicates that the normalized heat flux (y}''P) varies
as follows:

-1

ugsMLD

#LD=a( - ) +b, ®)
0

where the coefficients a = 0.14 [0.13, 0.15] and b = 0.068
[0.06, 0.076] and * = 0.97. This results in

MmLp _ _Po% 2 ¢MLD
]q,p = fa—g (0.14BO + 0.068uz S’ ). )

The scalings of JM® and Jia* exhibit little difference in
the regression coefficients and the correlation coefficients
( = 0.97) are the same for the two scalings, suggesting that
the local properties of the turbulence are controlled by the lo-
cal shear rate.

To complete the parameterization of J, ,(z), we formulate
a method to deduce the depth z™**. Figures 11a and 11b hint
at a correlation between z™* and the shear centroid of the
MI layer (z°°", defined as the depth where the local shear
equals the depth-averaged value S°). In general, 7" varies
similarly as z™* among cases, suggesting that z™** e,
Since the MI layer is separated from the surface by the ML,
we add the contribution of MLD using the following form:
2" = qz°" + bMLD where a and b are coefficients to be de-
termined. Dividing both sides of the equation by the MLD
and performing linear regression reveals the following rela-
tionship (see Fig. 11c):

o z©

max cen

Z =a Z
MLD MLD

+b, (10)

where the coefficients ¢ = 1 [0.89, 1.11] and b = —-0.2
[—0.39, —0.03] and # = 0.94. We note that z™*, z°" and
MLD take negative values in the present sign convention.
Equation (10) can be rewritten in the following form:

M = z%" — 0.2MLD. (11)

¢. Summary of J, parameterization

We have developed a parameterization of J,,(z) profile in-
tended to infer the turbulent heat flux from basic field observations
that do not include microstructure data. The parameterization per-
mits an estimate of J, in the upper-ocean surface layer at (°,
140°W TAO mooring from the available surface forcing, shear,
and stratification data since the beginning of the mooring de-
ployment. The J,, ,(z) is a piecewise linear profile that connects
the heat fluxes at three locations, signified by the subscript p:
Zmrp from the observed ML thickness, zpg from the lowest
depth where Ri, = 0.3 in the observations and, finally, the lo-
cation, ™, where J, peaks, given by Eq. (11). The daily aver-
aged profiles of shear and stratification are sufficient to obtain
these three locations. The heat flux is zero at zpy, given by
Eq. (9) at zyip, and given by Eq. (7) at z,ax. Equations (7)
and (9) require the wind stress and the shear profile as inputs.
Thus, with Egs. (7), (9), and (11), we have deduced a complete
formulation to parameterize J,,(z) using observed surface
forcing and observed shear/stratification profiles.

5. Seasonal cycle of deep-cycle heat fluxes

Previous observational and LES studies have indicated that
the DCT exhibits seasonal variability with strong subsurface
heat flux during boreal summer months and weaker mixing
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marked centroid (z°"), and (c) scaling of z
poses. The solid line in (c) indicates the best linear fit.

during the spring and autumn (Moum et al. 2013; Pham et al.
2017; Sarkar and Pham 2019). In this section, we apply the
heat flux parameterization (J/,,,) from section 4c to explore its
variability in monthly averages. Equations (7), (9), and (11),
as summarized in section 4, are used to implement the heat
flux parameterization. Using the observed daily averaged pro-
files of shear and stratification and surface fluxes collected at
0°, 140°W TAO mooring from May 1990 to April 2020, we ob-
tain the parameterized daily averaged heat flux profiles as
demonstrated in Fig. 12 for three sample dates. We then bin
these daily profiles into the 12 months of the year to deduce
the variability of the turbulent heat flux over the seasonal
cycle.

and z°°". Panels (a) and (b) only show four cases for illustrative pur-

Before discussing the seasonal cycle of the turbulent heat
flux, we first examine how the surface forcing and background
flow conditions change between seasons. Figure 13a shows
the observed seasonal variability of solar heat flux Q;, nonso-
lar heat flux Q,, and 7, [see Pham et al. (2017) for further
details]. The wind stress shows small values during boreal
spring with a minimum in April. The strongest winds occur in
August, then slightly decrease during fall increasing again in
winter. The strong peaks in August and December are com-
parable. The ratio u2S™>/B plotted in Fig. 13b shows a range
between 9 and 15 which suggests that 7,, and S are the domi-
nant contributor to the DCT. The contribution of B to the
DCT is of order 10% or less in monthly averages (although it
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downward surface heat flux — Q™"

can be significant on days with weak winds and weak shear). Ver-
tical profiles of monthly-averaged shear are shown in Fig. 13c.
The MI layer, denoted by solid lines, extends deepest into the
EUC core during the winter. Within the MI layer, the shear dur-
ing the spring is considerably stronger than during the other three
seasons. The conditions during the months of April and August
are intriguing. The month of April has the strongest shear in the
MI layer but the weakest wind of the entire cycle. In contrast,
the wind peaks in August while the MI shear is notably smaller
than during April. It is of interest to explore how the parame-
terized heat fluxes differ between these two months and the
applicability of J*** o u2§maX,

From the daily averaged heat flux profiles (samples are
shown in Fig. 12¢), we obtain the monthly averaged parame-
terized peak heat flux J(‘]“;" and its depth z;* as shown in
Fig. 14a. In general, J* is weakest in spring and strongest
in summer. The heat flux reaches its seasonal minimum value
in April when 7, is weakest. The largest J;>* occurs in August,
consistent with the strong 7, during this time period. The heat
flux increases by a factor of 2 between April and August. Al-
though 7,, are similar between August and December, Jg'7* i
stronger in the former because the shear in the MI layer i 1s rel-
atively stronger at this time. The depth z** shoals to approxi-
mately 35-m depth in April and then deepens into the EUC
core during summer and fall. The peak heat flux extends deep-
est to approximately 58-m depth in December.

To compare the parameterized heat flux with the observed
heat flux from the y-pods (available at the TAO mooring
from September 2005 to March 2019), we compute the bulk
(depth average) parameterized heat flux (J q,p) by first averag-
ing the daily averaged parameterized heat flux profile over the
MI layer and then binning the result into months. The observed

and the penetrative solar heat flux I™* at z

max

heat flux from the x-pods is available at 29-, 39-, 49-, 59-, 69-,
89-, and 119-m depths, and we use the same averaging
method to obtain the annual cycle of J,. Figure 14b demon-
strates reasonable agreement between the seasonal cycle of
the parameterized values (red dashed line) and the y-pod
values (black solid line). Both reveal that J, is strongest in
summer and weakest in spring. Over the entire cycle, the pa-
rameterized heat flux shows larger values when compared to
the observed values except for August. The larger values in
the parameterization are possibly due to the greater vertical
extend of the MI layer relative to the vertical extent of y-pod
deployments. Figure 13c indicates the top of the MI layer
(i.e., MLD) is likely to be shallower than the 30-m depth
throughout the cycle, and thus, the large amount of heat
flux above this depth was not captured by the y-pods. The
peak heat flux (J7) in Fig. 14a is reduced relative to the bulk
heat flux (J ) in Fig. 14b. The peak-to- peak April-August
difference in J“1ax is approximately 86 W m~2 while the dlf-
ference in J, between the two months is only 55 W m™
Depth averaglng over MI layer can reduce the magnitude of
the seasonal variability of heat flux. Using MITgcm, W22
also found the seasonal cycle of the turbulent heat flux to
have minimum magnitude in April and maximum in August;
however, the annual mean value is larger by approximately a
factor of two. They also reported the seasonal cycle of zuax
with a minimum in April.

The reasonable agreement in the seasonal cycle of the heat
flux between the new parameterization and the y-pod values
returns attention to the possible scaling of J, with the product
of u? and some form of local shear rate in the MI layer as sug-
gested in previous studies. For example, M89 and Moum et al.
(2023, hereafter M23) introduced a scaling of the dissipation
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FIG. 13. Seasonal variability of (a) wind stress (7,,) and solar (Q,) and nonsolar (Qy) surface heat fluxes, (b) the ratio u?S™*/B,, and
(c) the shear profiles. The variability was obtained as monthly averages from a long observational record (May 1990-April 2020) at 0°,
140°W TAO mooring. Solid lines in (c) highlight the values inside the MI layer (i.e., from MLD to z™").

rate in the DCL that can also be used to parameterize the
heat flux as follows:

_ PoC
T, =—02022,28" (12)
ag

ap
where S” is the depth-averaged shear and the flux coefficient
I' is taken to be 0.2 (Osborn 1980). The appropriate parame-
terization of I' is a subject of current debate. In a comprehen-
sive review, Gregg et al. (2018) pointed out a wide range of
values for I'. The values of I observed at the TAO mooring
vary between 0.12 and 0.48 (M89). The I values in our LES
fall in the higher end of that range. Gregg et al. (2018) sug-
gested I' = 0.2, and Smyth (2020) explained why that value is
to be expected in the MI turbulence regime. When comparing
with previous studies, we therefore use I' = 0.2 to infer turbu-
lent heat fluxes from dissipation rates. The combination
pocylag is fixed at 1.5 X 10° J s> m~* (though it varies by up to
~10% over the depth range considered). The seasonal cycle

of J_ ,; shown in Fig. 14b also indicates the weaker heat fluxes
during spring and fall, and they get stronger during summer
and winter. However, their amplitudes are considerably smaller
than the J,, values in the present study, possibly due to the use
of depth-averaging S and e.

We (i.e., S21) introduced the following scaling from analyz-
ing the y-pod data at the 0°, 140°W TAO mooring:

PyC, (St - 7'W/p0)2

Type = ~004140 =P

q

| (13)
SwW
where By is the surface short-wave buoyancy flux and the
misalignment between the wind and the EUC shear is ac-
counted for by the dot product. The result is set to zero if
§? - 1, is negative. In a comprehensive analysis of x-pod data
from both Pacific and Atlantic cold tongues, M23 suggested
that the dot product in Eq. (13) is insufficient to represent the
effects of wind shear misalignment. Pending a more detailed
study, M23 substituted the simpler form:
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By raising the product of wind and shear to the power 2, the
parameterized heat fluxes J,_ , and J, ; shown in Fig. 14b
show improved agreement with the y-pod measurement.
Both Egs. (13) and (14) are able to capture the observed local
minima of heat flux intensity in spring and autumn and the
local maxima in summer and winter. Their peak-to-peak
(April-July) amplitudes also agree well with the measured
values.

In our S21 study, the parameterization was based on di-
mensional analysis in which the correlation of the observed
dissipation rate with (.25?)? proved stronger than that with
128, Based on the analysis of TKE budget terms, we find

the momentum flux (#’'w’) and the dominant TKE budget
terms (i.e., production, dissipation and buoyancy flux) at z™**
scale well with u? and u2S™¥, respectively. Although the pre-
sent parameterization does not agree with the y-pod measure-
ment as well as the S21 parameterization does quantitatively,
it indeed captures the observed seasonal cycles of the heat
flux. We note the time span of the y-pod deployment (from
2005 to 2019) is different from the time span of the TAO
mooring data (from 1990 to 2020) which are used to obtain
the parameterized heat fluxes and also that there are numer-
ous other uncertainties which make it difficult to objectively
evaluate the performance of different parameterizations.
Nonetheless, the present study adds to S21 and W22 by con-
sidering additive combinations of wind, shear and buoyancy ef-
fects and furthermore highlighting how the spatial distribution
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of shear is important in the parameterization approach. Due to
the coarse spatial resolution of the y-pod deployment, the S21
parameterization required vertical averaging of the observed
dissipation and shear before performing regression analysis.
Vertical averaging tends to deteriorate correlation. When we
attempt to correlate the depth-averaged dissipation with the
depth-averaged shear using the LES data as we did in S21,
we find the correlation coefficient is considerably weaker rela-
tive to correlating £™* with S™ (not shown).

A unique feature of the new parameterization that S21 and
M23 do not consider is the vertical distribution of the heat
flux. Since the seasonal variability of the upper-ocean surface
layer depends on the divergence of the heat flux, the vertical
distribution of J,; helps improve the understanding of warm-
ing/cooling trend of the layer throughout the seasonal cycle.
Within the context of vertical transport (i.e., neglecting lateral
advection which can be significant), the temperature tendency
can be approximated as follows:

aTavg _ -1 Qnel + A ];I};X

ot Py

. (15)

max
ZP

where T,y is the depth-averaged temperature, Oy, is the net
daily surface heat flux into the ocean and I™** is the penetra-
tive solar heat flux at z™* assuming Jerlov water type IB
(Paulson and Simpson 1977; Simonot and Le Treut 1986).
Note that the sign of JiT* is negative, ie., turbulence acts to
transport heat downward from the EUC layer—a cooling influ-
ence. The heat flux difference —(Qpe; + I™™) is indicated by
the markers at z = 0 in Fig. 12c.

We use daily profiles of J,; , and Eq. (15) to first obtain the
temperature tendency at daily time scale and then average in
time to deduce the tendency at seasonal time scale as shown
in Fig. 14c. The present parameterization suggests the ocean sur-
face layer is significantly warmed from February to April followed
by a period of significant cooling between June and September.
There is a net surface layer cooling trend across the annual cycle
which agrees with the analysis in Moum et al. (2013).

There are similarities and differences between W22 and the
present study, both of which use LES to develop parameteriza-
tions. W22 introduced a vertically varying parameterization for
the daily averaged turbulent buoyancy flux that involves the
peak buoyancy flux and the depth at which it occurs. The param-
eterization can be written in the context of heat flux as follows:

Po€
3:13\)/(22 =—0.16 - P u%.OS(Sb)OSS7

(16)
where S is the bulk shear defined by a least squares linear fit
to the LES daily mean and horizontally averaged velocity pro-
file from 5-m depth to the Hg;, depth where the gradient
Richardson number exceeds 0.35. For the depth of the peak
heat flux, W22 suggested the following scheme:

Zway = 0.6Hp, — 14, 17)

where Hgjp, is the depth where the bulk Richardson number
(Rip) exceeds 0.2. The Hg;, depth was obtained by using the
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formulation introduced in the KPP turbulent mixing parame-
terization (Large et al. 1994; Smyth et al. 2002). It should be
noted that z335 and Hy;j, take negative values to be consistent
with the notation used in the present study (W22 defined
s and Hgy, with positive values). Comparing Eq. (7) to
Eq. (16), the present parameterization and that of W22 take
the same functional form but three differences are noted:
1) the proportionality constant is larger in Eq. (16), 2) the de-
pendence on By is omitted, and 3) a bulk shear (S” instead of
S™) is used by W22. Furthermore, comparing Eq. (11) to
Eq. (17), the W22 parameterization relies on the velocity and
temperature profiles in the surface mixed layer to locate z™**
while the present study uses the flow condition that is local to
the MI layer to identify that depth. Due to the lack of obser-
vations in the near-surface layer, we are unable to include
the heat flux from the W22 parameterization in Fig. 14. Last,
we note that the W22 parameterization was obtained using
the LES simulations of DCT both on and off the equator
while our simulations focus on the former.

6. Discussion and conclusions

We have performed a parametric study using LES to iden-
tify the processes that influence the DCT in the equatorial
Pacific at multiple time scales. DCT is known to occur mostly
at nighttime in the marginal instability (MI) layer above the
Equatorial Undercurrent (EUC) core. Measurements from
the x-pods deployed at 0°, 140°W between 2005 and 2011 re-
veal a seasonal cycle of subsurface heat flux driven by DCT
that can warm the surface mixed layer (ML) during spring
while cooling it during autumn (Moum et al. 2013). We are in-
terested in finding the key physical parameters that affect the
heat flux at daily and seasonal time scales. In the LES, we sys-
tematically vary surface convective cooling flux (Qys), wind
stress (7,), initial thickness (/y;) and shear magnitude (S) of
the MI layer over a wide range of observed values. Each case
is simulated for a period of 24 h to characterize DCT with
high resolution at multiple time scales and to also obtain the
daily averaged heat flux (J,) profile. The daily averaged J,
profiles from the 27 LES cases are analyzed to deduce a new
heat flux parameterization that is then demonstrated to pro-
vide a reasonable prediction of the seasonal cycle of J,.

Nighttime DCT exhibits significant variability with multiple
bursts of turbulence that persist into the following morning.
Among the four control parameters, 7,, and S are found to
most strongly influence daily averaged values of J,,. Increasing
7, and S generally increases J,. Increasing /iy also tends to
increase J, albeit not as strongly as 7, and S. Increasing con-
vection slightly enhances the heat flux.

Using the LES results, we formulate a new parameteriza-
tion for daily averaged turbulent heat flux (/) that accounts
for the effects of the four forcing parameters. This parameter-
ization is summarized in section 4c. Unlike our previous pa-
rameterization in S21 and, improving upon that proposed in
W22, it uses the local shear within the MI layer along with 7,
and surface cooling flux to infer the heat fluxes at MLD as
well as at the depth z™* where J, is largest. Heat fluxes at
both depths are assumed to be bilinearly proportional to
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u2S™ and By, where u, is frictional velocity, S™* is the local
shear rate, and By is the surface convective buoyancy flux [see
Egs. (7), (9), and (11)]. Effects of the thickness of the MI
layer are implicitly included in the parameterization through
the locations of MLD and the bottom of the MI layer (™)
where Ri, > 0.3. A piecewise linear profile, based on the heat
fluxes at MLD (location known from data), at z™** (location
known through proposed parameterization) and the value of
zero heat flux at z™' (location known through data and the
criterion of Ri, = 0.3), provides a model J, ,(z). Integration
of J, ,(z) over the MI depth range leads to a bulk value of J,
which is then compared to observational data and previous
parameterizations.

The present LES-based parameterization builds upon pre-
vious studies (i.e., M89; S21; W22; M23) by parameterizing
the vertical distribution of the turbulent heat flux and its an-
nual variation in terms of a bilinear combination of buoyancy
flux and the product of wind stress and current shear. We ap-
ply the new parameterization using TAO mooring data, and
the result shows reasonable agreement with y-pod measure-
ments (see Fig. 14). The peak heat flux values, and the depths
at which they occur suggest that strong seasonal cooling dur-
ing the summer months (June-August) leads to a net annual
cooling similar to the observed trend previously reported by
Moum et al. (2013). Although the new parameterization
includes the effects of convection, its contribution to the sea-
sonal cycle of heat fluxes is usually secondary. The contribu-
tion of convection can be larger during periods with weak
winds such as the onset of El Nifio events (Luther et al. 1983).

Different from M89, S21, and M23, whose parameteriza-
tions target the depth-averaged dissipation rate, the new
parameterization describes the vertical distribution of the tur-
bulent heat flux as does W22. Although both W22 and the
new parameterization propose scaling by the friction velocity
and local shear, the new parameterization is calibrated using
shear local to the MI layer while the sheared region in W22
extends to include the mixed layer. The parameterization of
7™ is also calibrated here using the available flow quantities
inside the MI layer, while the z™* in W22 requires informa-
tion in the surface mixed layer. Since the data at the TAO
mooring is limited in the surface mixed layer, the new param-
eterization improves upon the W22 scheme by circumventing
those limitations.

As with any proposed parameterization, it is important to
point out its uncertainties. Unlike the LES in W22 and Wang
et al. (1998), which includes the effects of large-scale forcing
terms, the LES in the present study does not account for the
turbulent mixing in the MI layer that can be driven by other
processes such as lateral advection. The use of uniform shear
and uniform stratification in the initial condition and constant
surface fluxes throughout the simulation is an explicit choice
made to better understand their physical effect on DCT tur-
bulence and also to reduce the number of control parameters
in the scaling analysis. Note that the range of shear, stratifica-
tion, and surface forcing is sufficient to represent a seasonal
cycle in observations. Spatial variability of shear and stratifi-
cation and temporal variability in the surface forcing can af-
fect the regression coefficients. The new parameterization
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allows exploration of the spatial and temporal variability of
turbulent heat fluxes at the daily time scale and longer. The
parameterization is not designed for shorter-than-daily time
scales, e.g., it is not a mixing model for prognostic calculations
at the time stepping scales used in GCMs.

We have not explored the effect of solar heat fluxes and
other turbulent processes in the ML such as Langmuir circula-
tions, breaking waves, and tides, etc. In the limit of low wind
speed (U;p =2 m s~ '), a diurnal warm layer (DWL) can form
and alter the evolution of turbulence in the ML during day-
time (e.g., Hughes et al. 2020a). When the DWL dissipates in
the afternoon, the resulting turbulence can affect the descend-
ing shear layer and, thus, the instantaneous intensity of the
DCT. Breaking surface waves and Langmuir circulations can
also enhance ML turbulence (Sullivan et al. 2007; Grant and
Belcher 2009; Li and Fox-Kemper 2017) and, by changing the
divergence of turbulent momentum transport between the
ML and the DCL, modify DCT. Internal waves in the DCL
can be excited by Langmuir circulations (Polton et al. 2008)
and shear instabilities (Pham et al. 2009; Pham and Sarkar
2010). It remains unknown how these internal waves or internal
waves propagating into the sheared zone from deeper water
would influence the DCT. Whether these additional phenomena
would affect the quality of the present parameterization over the
seasonal time scale requires future study.
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