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Abstract

The upper layer of the ocean participates directly in the exchange of momentum, heat and
moisture with the atmosphere. We consider three examples of upper-ocean flow and heat
transfer in the present contribution. These examples range from the canonical problem of a
stratified shear layer to the surface boundary layer driven by wind and a diurnally varying
heat flux to deep cycle turbulence in the Equatorial UnderCurrents (EUC). These problems
illustrate stratified shear flow turbulence, wind-driven entrainment in a stratified, rotating
fluid, and the communication of surface forcing to subsurface currents in the upper ocean.
We discuss the three cases by including new simulations as well as some of our previous
work. Direct numerical simulation (DNS) is our tool for the canonical shear layer and, for
the other problems, our tool is large eddy simulation (LES) which is increasingly being
used to examine turbulent transport and mixing in the ocean. We discuss how buoyancy and
rotation affects the spatial structure and temporal evolution of turbulent fluxes, and thereby
the distribution of surface inputs of momentum and heat in the upper ocean.

Keywords Turbulence simulation - Stratified turbulence - Ocean turbulence

1 Introduction

The properties of the upper ocean are crucial to weather and climate. The fueling of hur-
ricanes by the tropical ocean, the patterns of the monsoon, and the sea breeze are familiar
examples in the realm of weather. The upper ocean responds to wind forcing, the diurnal
cycle of surface heating/cooling, rain events and river inflows, and determines the feedback
to the atmosphere. It is not possible to understand or predict this response of the upper ocean
without knowledge of the turbulent mixing of momentum, heat and salinity. The upper
ocean boundary layer (OBL) has a generic structure in the vertical (z): a thin surface skin
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with gradients corresponding to the surface air-sea flux, a mixed layer (where stratification
is weak and the mean shear is small), and a transition layer with intensified stratification
and shear where properties transition to those at the interior. Stratification is thus a key con-
trol on ocean mixing and, when the boundary layer response is considered over a time scale
larger than a few hours, rotation is also important.

The various processes that lead to upper-ocean mixing include night-time cooling, wind-
driven shear, breaking surface waves and Langmuir cells. Turbulence is produced in these
processes by enhancing shear or by creating unstable density variation. Most numerical
simulations of the upper ocean have used turbulence parameterizations. However, during
the past decade, there has been an increase in turbulence-resolving process studies using
DNS or high-resolution LES.

In the present paper, we focus on three of our recent studies. The discussion of simu-
lation results starts in Section 2 with the problem of a localized turbulent free shear layer
(mixing layer) that develops in a uniformly stratified background. This is a canonical prob-
lem of relevance to the general topic of environmental turbulence and serves as an excellent
introduction to the competition between shear that promotes turbulence and stratification
that suppresses it because complexities involving boundaries, surface forcing, and rotation
are excluded. In the typical two-layer configuration [1, 2], inflectional velocity and den-
sity profiles with constant velocity and density difference are considered. We consider the
related problem of an inflectional velocity profile in a background with uniform and contin-
uous stratification that was simulated to study internal waves radiated by the shear layer [3]
and to examine turbulence properties [4]. Results from new simulations conducted at higher
Reynolds number (Re) than in our previous work, are presented in Section 2 with a focus
on the anatomy of turbulence, its energetics, and the associated scalar mixing. The results
are also contrasted with recent high-Re simulations of the two-layer configuration.

In Section 3 we turn to a problem involving heat uptake in the OBL. The thickness and
temperature of the OBL depends on the surface heat flux, the wind speed and the entrain-
ment of typically colder subsurface water. The diurnal variability of the surface heat flux -
cooling flux in the night and heating in the day - leads to the so-called diurnal warm layer
(DWL) whose flow and thermal structure exhibit a diurnal cycle. The diurnal cycle of shear
and stratification [5-9] has been quantified through observations and some of the later stud-
ies have measured turbulence in the DWL. Owing to its increased daytime stability, the
DWL tends to decouple from the subsurface water so that the turbulence below the DWL
decreases [5]. Concurrently, the DWL traps the momentum input by the wind and develops a
surface jet, the so-called diurnal jet [8]. The diurnal stratified jet could support shear-driven
turbulence if the local Ri is sufficiently small, Ri < 0.25. Recent measurements [6, 7, 9]
indicate that turbulence is enhanced in the diurnal jet. High-resolution simulations have not
investigated the DWL, thus motivating the present LES.

Section 4 concerns a problem in the equatorial ocean. Near the equator, a current with
vertical shear is maintained by the easterly trade winds. These tend to accelerate a westward
flow at the surface, which in turn generates a pressure gradient that drives a return flow at
depth and the combined flow is the so-called Equatorial Undercurrents (EUC). Stratification
is maintained by the combined action of solar heating near the surface and upwelling of cold
water at depth, resulting in a pycnocline that coincides roughly with the EUC. Rotational
effects on the boundary layer are weak at the equator where f = 0. A surprising discovery
in the EUC [10, 11] was the existence of turbulence in the stably stratified fluid below
the diurnal mixed layer (DML). The turbulence, called deep cycle (DC) turbulence, has a
diurnal cycle suggesting that turbulence is triggered by surface fluxes even though it is found
deep below the DML. Because it coincides with strong thermal stratification, DC turbulence

@ Springer



Flow, Turbulence and Combustion

has the potential to drive an intense heat flux, thereby establishing a thermal link between
the DML and the ocean interior. Mooring records [12] show that, on the seasonal time scale,
turbulence exhibits a cycle that is causally connected with the seasonal cycle of sea surface
temperature (SST). To understand the seasonality of EUC turbulence, we have performed
LES using realistic surface forcing as well as initial velocity and temperature profiles based
on field observations. In Section 4, we present highlights of the flow structure reported by
Pham et al. [13] and also present new LES results regarding the thermal transport.

In all three problems, the intial configuration develops flow patterns that lead to insta-
bility and ultimately turbulence. The stability of a fluid layer at rest depends on the vertical
(z) variation of potential density which differs from that of the density because of the com-
pressibility, albeit small, of water. The potential density, o, increases with salinity (S) and
decreases with temperature (7). The buoyancy is defined by b = —g(p), — 00)/ 0o and the
stratification is measured by the squared buoyancy frequency defined by N> = db/dz. The
oceanic background is typically stable and N 2 is a positive quantity. A flow might lead to
a region with locally negative N2 which is susceptible to convective instability and ulti-
mately turbulence. An example is the convective instability during the breaking of surface
waves and internal gravity waves. A central parameter governing turbulence in a stratified
shear flow is the gradient Richardson number Ri = N?/S%, where S is the square of the
vertical shear, dU /dz, of the mean horizontal current. Linear stability analysis suggests that
Ri < 1/4is a necessary condition for instability growth in the geophysically relevant limit
of high Reynolds number Re [14, 15].

2 Stratified Shear Layer

We perform direct numerical simulations (DNS) of a shear layer in a linearly stratified
environment to investigate the competition between destabilizing shear and stabilizing strat-
ification on the flow evolution. The shear layer has a depth-varying velocity profile, U (z),
with a velocity jump, AU, over a thickness, §:

U(z) =

2U tanh(zs—z). (1)

The density at = 0 is set to the background density profile, p;(z), with a constant gradient:

2
PN

op(2) = po — z, )

where Ng is the squared buoyancy frequency of the ambient. The initial velocity and den-
sity are set according to Egs. 1 and 2, respectively. Small-amplitude broadband velocity
fluctuations are superposed on the mean to initiate shear instability.

The Navier-Stokes equations under the Boussinesq approximation are advanced in time
to solve for the three velocity components (u, v, w), the density deviation (p) and the
dynamic pressure (p). The non-dimensional form of the equations is as follows:
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where p = p — pp, Re = AUS/v is the Reynolds number, Pr = v/k is the Prandtl number,
and Rip = N§82 /AU? is the gradient Richardson number at z = 0 at the initial time. The
material properties, v and «, are molecular values of viscosity and thermal diffusivity of
water, respectively, while g; is the gravity vector. The simulation has Re = 24, 000, Pr =1,
and Rip = 0.12. The gradient Richardson number (Ri(z) = NZ/SZ) is 0.12 at the center of
the shear layer, a value that is smaller than the critical value of 0.25 and, therefore, the shear
layer is susceptible to Kelvin-Helmholtz (K-H) shear instability. Here, S = d (1) /dz is the
vertical shear where the angle brackets are used to denote mean values, obtained by hori-
zontal averages. In subsequent discussion, we use primes to denote fluctuation quantities,
the deviations from the horizontal mean.

The computational domain is a rectangular box with L, = 11.528, Ly, = 5.764, and
L, = 306 discretized using a grid size of 1536 x 768 x 1024 (&~ 1.2 billion grid points).
The grid is uniform in x and y directions with a grid spacing of 0.00755. The vertical grid
spacing of 0.00754 is deployed in the region —2.5 < z < 2.5; the grid is stretched at a rate of
3% outside this region. Periodic boundary conditions are applied in the horizontal directions
while free slip conditions are used at the top and bottom boundaries. Sponge layers are set
up in the regions with |z| > 108 to prevent reflection of internal waves from the boundaries.
To implement the sponge layer, forcing terms, ¢ (z), are added to the right-hand-side of the
momentum and density equations, Eq. 3:

— @) [ui (i, 1) —wio], =B [p(xi, 1) — pool. )

Here, u; o and po are the initial velocity and density values at the boundaries. The damping
function, ¢ (z), increases quadratically from ¢ = 0 at |z| = 10 to ¢ = 0.165 at the top and
bottom boundaries.

Due to the weak stratification and strong shear, the K-H instability develops as growing
waves in the velocity and density perturbations. The perturbations grow to finite amplitude
and form multiple billows connected together by thin braids. The billows exchange water
vertically (overturn the density field) as illustrated in Fig. la at time Not = 40. Heavy
fluid below the center of shear layer is transported upward and causes the water on the top
to be heavier. In contrast, light fluid above the center of the shear layer is pushed down-
ward and, as a result, the water below the center becomes lighter. As the billows grow in
size and the braids become thinner, the local shear rate in the billows is enhanced and sec-
ondary instabilities grow along the outer periphery of the billows and along the braids.
Small-scale but coherent vorticity structures develop at the bottom boundary of the mid-
dle billow at x ~ 7.64 in Fig. 1b as well as along the braid in the region 8§ < x < 116.
These secondary instabilities result in strong localized mixing as indicated by the ele-
vated dissipation rate and scalar dissipation rate in Fig. lc, d, respectively. In Fig. 1c—d,
the dissipation rate (¢) is defined by Eq. 7 and the scalar dissipation rate (x,) is defined
by x, = 2k (3p’/0x;0p’/dx;). It is important to note that, during the transition to turbu-
lence (e.g. Not = 40), the turbulent mixing is stronger at the outer edge of the billows
and along the braids. The dissipation rate in the core of the billows is many orders of mag-
nitude weaker. The secondary instabilities break down the billows into three-dimensional
turbulence at a later time Not = 47 as shown in the panels on the right column of Fig. 1.
The turbulence is more homogenous and spreads throughout the shear layer at this time. It
is noted that the strongest peak dissipation rate occurs at Not = 40, i.e. during the onset
of the secondary instabilities. We note the secondary instabilities and turbulence have sig-
nificantly spanwise variability as shown in Fig. 2, and the instabilities are driven by both
shear and convection similar to the two-layer problem at high Re [16]. When the shear
layer has a more homogeneous distribution of turbulence at N,¢ = 47, the patches with
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Not = 40 Nyt = 47
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Fig. 1 Anatomy of mixing during the transition from Kelvin-Helmholtz shear instability to three-dimensional
turbulence through snapshots of a density perturbation, p’; b spanwise vorticity, w;; ¢ dissipation, ¢; and d
scalar dissipation, x,. The panels on the left column shows the patches of intense mixing due to the secondary

instabilities at time Not = 40 while the ones on the right column depict a more homogeneous turbulence
field at time Not = 47

(a) Not = 40 (b) Nyt = 47

3
y/é
Fig. 2 Snapshots of non-dimensional dissipation rate in log scale, log;(e6/AU 3), through the core of a

K-H billow at x = 7.6 show the spanwise variability of secondary instabilities and turbulence at times: a
Not = 40; and b Not = 47

3
y/d
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large dissipation that were seen at Not = 40 are less prevalent and, as will be shown, the
volume-integrated dissipation is also somewhat smaller than at Nyt = 40.

The evolution of the shear layer can be divided into four distinct stages as illustrated
with the temporal evolution of the squared shear 2, the stratification N2 and the gradient
Richardson number, Ri = N2/S82, shown in Fig. 3a—c, respectively. During the first stage,
Not < 20, the K-H instability slowly develop from infinitesimal perturbations by extracting
energy from mean kinetic energy, and thus, S? and N2 gradually decrease at the center
of the shear layer. The Richardson number, initially smaller than the critical value of 0.25
[14], gradually increases. During the second stage, 20 < Not < 35, the finite-amplitude
K-H waves develop into K-H billows while N2 and S? at z = 0 are significantly reduced
due to the vertical exchange of momentum and density associated with the enlargement of
the billows. Thin outer transition layers of enhanced N2, S and Ri develop at the top and
bottom boundaries of the shear layer to separate the billows from non-turbulent fluid in the
ambient. The gradient Richardson number shows peaks at these outer transition layers with
values exceeding unity. During the third stage, 35 < Npt < 45, the billows break down into
three-dimensional turbulence by secondary instabilities with spanwise variability. Due to
the strong turbulence, N2 and S at z = 0 abruptly decrease while Ri continues to increase.
The outer transition layers that developed during the second stage are also eroded by the
turbulence; N2 and S? decrease as the layers thicken considerably. Toward the end of the
third stage, Ri at z = 0 increases rapidly and a central internal transition layer forms. The

0 10 20 30 40 50 60 70 0 05 1 15
Not

Fig. 3 Variability of a squared shear, S%; b squared buoyancy frequency, N2; and ¢ gradient Richardson
number, Ri during four stages of the evolution of the stratified shear layer. The right panel of each subfigure
shows vertical profiles of the variables at three different times marked by vertical arrows (Not = 15, Not =
40, and Not = 50). The two dashed lines in a—c mark the edges of the shear layer at +289. The dashed
vertical line in the right panel of (¢) marks the critical value of Ri = 0.25
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inner transition layer (as will become clearer when mean profiles are discussed) is the region
between a thin central region with weak shear and turbulence that is sandwiched between
outer layers with stronger shear and turbulence. Finally, turbulence decays during the last
stage, Not > 45 in which Ri over the entire shear layer gradually changes due to molecular
diffusion.

The vertical profiles of N> and S shown in the right panels of Fig. 3a, b indicate that,
when the turbulence is locally strong at z = 0, both N2 and S are reduced at this depth but
they are enhanced in the regions above and below (compare the profiles between Not = 15
and 40). When the billows break down by secondary instabilities during the second stage,
the vertical profiles of $? and N? exhibit double shear layers with enhanced stratification
that are separated by a zero-shear weak-stratification layer at z = 0. Subsequently, the double
shear layers become turbulent so that the turbulent mixing in the regions above and below
z = 0 become stronger than that at z = 0. The shear and the stratification increase (compare
N2 and §? at z = 0 between N7 = 40 and 50 in Fig. 3a,b) to form an internal transition layer
between the double shear layers. The internal transition layer persists for a short period of
time, 45 < Not < 55, after which it is eroded by the turbulence above and below in the
double shear layers. The double layers of stratified shear at z/§ ~ £1.2 become a permanent
structure; they persist long after the turbulence completely decays at all depths.

Among the four stages, the shear layer thickness grows considerably faster during the
second and third stages. The dashed lines in Fig. 3 mark the upper and lower edges of the
shear layer, z, = 289, where g is momentum thickness defined as follows:

106 1 1
[ e

The fastest growth of 8y occurs in the second stage during which the billows enlarge. As
the billows break down, turbulence inside the double shear layers entrains external fluid
into the shear layer making the thickness grow further. During the last stage, the momentum
thickness ceases to grow.

The asymptotic late-time value of 8y, normalized by its initial value, is found to vary
considerably with the initial Richardson number Riy. Watanabe et al. [17] show that, as
Rijp increases from 0.01 to 0.08, the asymptotic value of 8 /84,0 decreases from about 5.6
to 2.4 at a Reynolds number, Re = 6, 000. They also find that increasing the Reynolds
number slightly reduces the asymptotic values of dg. The asymptotic value of 8g/8g,0 in
the present simulation is approximately 2.24 which is smaller than the values reported in
Watanabe et al. [17] due to the stronger stratification of Rip = 0.12 and, possibly, the
larger Reynolds number, Re = 24, 000. Another parameter typically used to describe the
shear layer between two layers of fluid with different density is the bulk Richardson num-
ber, Riy = 4Apgdy/poAU?, where Ap and AU are the density and velocity difference,
respectively, across the shear layer thickness, 489. Brucker and Sarkar [18] show that the
asymptotic value of Rij at late time in the two-layer problem is approximately 0.3 when
the value at the initial time is prescribed to take various values between 0.05 and 0.1. In the
present simulation, in which the density varies continuously with depth, the bulk Richard-
son is computed as Rip = 16N§8§ /AU? (for equivalence to the two-layer problem), and
the asymptotic value of Rij is found to be 0.6, twice as large as the values in the two-
layer problem reported by Brucker and Sarkar [18]. The larger asymptotic value for Rij in
the present study suggests that external stratification can play an important role on the net
turbulent transport over the lifecycle of a stratified shear layer.
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The turbulent kinetic energy (t.k.e) budget can be used to quantify the overall turbulence

energetics as the shear layer evolves in time. The budget is defined as follows:

DK p_ i 2D (6)

T _p_¢ dat)

Dt az
Here, the turbulent kinetic energy (K), production (P), dissipation (¢), buoyancy flux (B),
and transport term (73) are specified as follows:

u’

K=172(uu), P =—wu) 22, o= 2(SySp), S = 3G + 3,

)
B = —Rip(p'w'), T3y = y(wuju}) + ;- (w'p') — ge (u}Sy;)

The t.k.e budget integrated from z = —56 to 56 shown in Fig. 4a indicates that the largest
gain of the 7.k.e in the shear layer occurs during the second stage of the evolution. The
positive d K /dt is supported by the positive shear production. The buoyancy flux is negative,
i.e., there is a gain in the available turbulent potential energy too. The peak turbulent mixing
of momentum as indicated by & occurs during the third stage when the positive production
is balanced by the dissipation and the buoyancy flux with the former being the larger sink
of t.k.e. The double peaks in the production during the second and third stages emphasize
two different regimes of ¢.k.e.. The rise of P during the second stage is predominantly
driven by coherent, narrow-band, low-mode, wave-like instabilities. The dissipation rate is

lst 2nd 37"d 4th

<
T

Y

=
N

(a) < > <€ >

Fig.4 Evolution of (a) TKE budget integrated over the shear layer, —5 < z/8§ < 5; and b mixing efficiency,
It = ¢,/(e + €p), where ¢, is the scalar dissipation. The budget terms in (a) are non-dimensionalized by
AU
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insignificant at this time due to the lack of energy in high modes. In contrast, broadband
turbulence dominates the shear layer as the production resurrects during the third stage and,
at this time, there is a significant amount of dissipation, negative buoyancy flux, and scalar
dissipation. The production during the second stage stirs the density in the shear layer while
the production during the third stage mixes the density gradients that were formed during the
second stage. To summarize, turbulent kinetic energy is extracted at the low mode, i.e., the
size of the billows, and cascades to higher modes through a series of secondary instabilities
to give rise to broadband turbulence and mixing.

Of interest is how much scalar mixing does turbulence lead to? Scalar mixing is
quantified through the dissipation rate of turbulent potential energy, ¢,, defined as follows:

1 g < dp" 3p" > ®

Ep = —_
P PrRe podpp/dz \ 0x; dx;

Figure 4b indicates that ¢, evolves hand-in-hand with the dissipation (¢) of ¢.k.e. The mix-
ing of the density field is predominantly driven by the broadband turbulence during the
third stage of the evolution of the shear layer. There is substantial stirring during the second
stage, but not much mixing. Stirring is not irreversible molecular mixing since some of the
gain in the available potential energy can feed back into the kinetic energy while mixing
is a permanent gain in the background potential energy [1, 19]. To parameterize the rate of
turbulent mixing, ocean modelers typically rely on the mixing efficiency, I' = ¢, /(e +¢,),
to obtain eddy diffusivity K, through the relation K, = I'e/N 2 and a typical value of
I' = 1/61s used in the ocean modeling community [20-22]. Figure 4 shows that the mixing
efficiency (/7 (t) computed using vertically-integrated values of ¢ and ¢,) in the shear layer
is generally higher than this value of 1/6. The high values of mixing efficiency during the
first and second stages indicate that the mixing by the K-H waves and coherent billows is
far more efficient than the mixing by the broadband, dissipative turbulence during the other
two stages. The mixing efficiency reaches values as high as 0.6 at the beginning of the third
stage and it then decreases toward the value of (.25 at the end of the fourth stage. Since I;
varies significantly over the four stages, we compute the cumulative mixing efficiency, I,
by integrating the scalar dissipation and dissipation over the four stages before taking the
ratio and obtain I = 0.34 or ¢,,/¢ = 0.52. Thus, the amount of energy expended to mix the
scalar field is 0.63 times the amount used to mix the momentum field. This value of 0.52 is
also comparable to the value of the bulk Richard number, Ri;, = 16N§8§/A U? = 0.6, at
the end of the fourth stage.

The mixing efficiency (1) is sensitive to the Reynolds number, Prandtl number, Richard-
son number, and even the type of vertical shear instabilities [23-25]. The mixing efficiency
is found to be smaller at low Re, approximately 0.31 for Re = 1,280 and 5,000 and
Rip = 0.05 [3, 4]. The mixing efficiency increases to 0.39 at Re = 24,000 and Rip = 0.12,
the parameters of the present simulation. At a low Reynolds number, the nature of the sec-
ondary instabilities is different and alters the transition from K-H instability to turbulence.
The transition to turbulence at lower Reynolds number is dominated by convective turbu-
lence in the core of the billow, not the secondary instabilities at the edges of the billows.
While there are only a few studies which focus on I" of a shear layer in a continuously-
stratified background as in the present simulation, mixing efficiency in two-layer shear flow
has been widely reported. In this type of flow, Mashayek and Peltier [23] finds that I" can be
as high as 0.45 at Re = 40,000, Pr = 1 and Rip = 0.12 while Salehipour et al. [26] find that,
at Re = 24,000 and Rip = 0.12, I" decreases from approximately 0.23 to 0.18 as the Prandtl
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number increases from 1 to 16. Recent simulations of Kaminski and Smyth [27] show that,
for Re = 4,000 - 16,000 and Rip = 0.12 — 0.2, the mixing efficiency can be as small as 0.1
when there is a sufficiently strong field of pre-existing turbulence in the shear layer. The
pre-existing turbulence prevents the growth of the pre-turbulent billows and, therefore, the
mixing efficiency is smaller.

3 Diurnal Warm Layer

The thickness and temperature of the upper-ocean boundary layer depends on the sur-
face heat flux, the wind speed and the entrainment of typically colder subsurface water.
The diurnally varying solar insolation leads to the so-called diurnal warm layer (DWL)
which is a surface layer whose physical properties, including turbulence, exhibit diurnal
modulation. During the day, solar insolation can substantially increase the temperature of
the wind-driven boundary layer and increase the near-surface stratification, an effect that
is particularly significant when the solar flux is strong as in the tropical and subtropical
oceans and under conditions of calm-to-moderate wind. During the night, the near-surface
stratification relaxes and there is onset of convection. The diurnal cycle of shear and strat-
ification [5-9] has been quantified through observations and some of the later studies have
measured turbulence in the DWL. High-resolution simulations have not examined the DWL
motivating the present LES.

A westward wind in the negative x direction is imposed with stress 7,, = —0.06 N m~2,
which corresponds to moderate wind. There is an initial spinup of 15 hrs. At the start of the
spinup, the temperature is uniform at 7 = 25°C over the entire domain depth. The salinity
(S) has the following nonuniform distribution: S is constant over a surface layer of 20 m
and then increases linearly in an interior with constant N> = —g/podp/dz = 10™* s72.
At the end of the 15 hr period, when a mixed layer of wind-driven turbulence with thick-
ness hp = 20 m has formed, a diurnally varying heat flux and the Coriolis rotation
effect are applied, and the DWL simulation starts (time is reset to t = 0). The Coriolis
parameter f = 4.5 x 1079s~! corresponds to 18°N, a location in the Northern Bay of
Bengal. The heat flux has a constant non-solar cooling component of Qs = 150 Wm™2
and a diurnal cycle of solar heat flux with a peak of Q; = —827 Wm™2 (nega-
tive implies downward heat flux). The diurnal variation of surface temperature is much
less on the ocean than on land. Therefore, the assumption of constant Q,; is a reason-
able approximation. The surface forcing corresponds to a net daily warming heat flux of
Q = —95 Wm™? that creates the diurnal warm layer (DWL) capped by the salt-stratified
halocline. The objective is to understand how the diurnal variability modulates turbulence
and thus the space-time redistribution into the ocean of the surface heat input. The sim-
ulation is conducted over a period of 7 days. Table 1 gives important parameters of the
simulations.

3.1 Numerical model
A right-handed coordinate system with x pointing to the east, y pointing north, and z point-

ing up is used. The equation of state for density is approximated as a linear function of
temperature and salinity:

p=po—a@—=6)+ B —S), )
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Table 1 Parameters used in the LES of the diurnal warm layer

ds/dz N} No/f Ty Lo Rey Ly, Ly L.
(psum™) (o) (m) (m) (m) (m)
-0.0127 1 x 107 222 0.76 —3.44 -15.52 5,837 64 83

d S /dz is the constant vertical salinity gradient in the interior, and No/f measures the strength of stratification
(buoyancy frequency N) with respect to the rotation rate f. The stable stratification introduces a length
scale, hy, = u./No, where u, is the friction velocity due to the wind stress applied at the ocean surface,
and the Reynolds number is Rey = ui /vNp . The surface heat flux introduces the Obukhov length scale,
Lo = —pocpui/xag(Qs + Qns), which varies from its maximum magnitude of —15.52 m in the night to its
maximum of 3.44 m at daytime. L,, Ly and L are the streamwise, spanwise, and vertical grid domain sizes,
respectively. The simulations are performed with Sc¢ = 700 for salt diffusion and Pr = 7 for temperature
diffusion in water

where o = 2 x 107#°C~! and B = 8 x 10~*psu~!. In LES, the equations of motion
involving along-wind (x) velocity u, cross-wind (y) velocity v, vertical velocity w, salinity
S, and temperature T take the following non-dimensional form:

3ﬁj
L —, (10)
0x;j
i +a(ﬁj ;) —3F+ ujfoy 1 3w s ATy an
oui _ i Lo ot AL
ot ox; ox; " Ng " Repoxjox; 0 ox;
95 a@@sS) 1 s 90] .
ot dxj  RepScdx;jdx;  dx;’
oT o (u;T 1 2T  9Q; 9
o, ) _ _E 2w (13)
dt 0x; RepPr 0x;0x; 0x; 0z

where the overbar denotes filtered quantities, g denotes gravity acting in the vertical direc-
tion, b = —g(p/po — 1) is the buoyancy, and f = 22 sin 6 where £2 is the angular velocity
of earth’s rotation and 6 is the latitude. The subgrid stresses T;;, the subgrid heat flux Q s

and the subgrid salinity flux Q]S are modeled in the LES. The variables in these equations
have been normalized by the characteristic velocity scale u., the characteristic buoyancy
length scale iy = u,/Np, and the characteristic buoyancy scale Nou... The governing equa-
tions contain four non-dimensional parameters: Reynolds number Rep, = u2/vNy where
v is the molecular viscosity; the ratio No/f between stratification and rotation parameters;
the Schmidt number Sc = v/k; where kg is the diffusivity of salt in water; and, the Prandtl
number Pr = v/kr where k7 is the diffusivity of temperature in water. To ease the notation
used to discuss in the following sections, the overbar denoting filtered quantities is omitted.

Surface boundary conditions are based on typical fluxes of momentum and heat observed
at the sea surface. The momentum flux, t,,, and the nonsolar heat flux, Q,;, are applied
as surface boundary conditions on velocity and temperature, respectively. The diurnally-
varying solar heat flux, Qy,, is applied as a time- and depth-varying forcing term in the
temperature (13): Qs = Qy(t) Tr(z). The solar flux at the surface, Q;(f), is given in
Fig. 6a. The strongest solar flux (most negative) value of Q; = —827 W m~2 occurs at
noon and Qj is zero during night time. The transmissivity, Tr(z), exponentially decays with
depth as in the 9-term parameterization of Paulson and Simpson [28] with water type IA
[29].
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Fig.5 Visualization of the rotating, stratified OBL that forms when a wind stress and a diurnal heat flux are
applied to the upper-ocean surface. Initially, a homogeneous constant-density layer of 7 = 20 m overlies
a salt-stratified interior with constant salinity (density) gradient. Perspective of the turbulent density field
shown at t = 06:00 hours of the seventh day of the simulation. Vectors show the mean velocity of the rotating
current forced by the wind stress applied in the —x direction

The LES uses a structure-function based model [30] to compute the subgrid stress and
the subgrid diffusivities for the salinity and temperature fields, and the subgrid Prandtl and
Schmidt numbers are taken to be 0.5. The simulations are performed on a computational grid
with N, = 128, Ny, = 128 and N, = 256 points. The domain size is modest; however, the
long time (7 days) of the simulation leads to a large computational time. The horizontal grid
spacing of 0.5 m is uniform while the vertical grid spacing Az is nonuniform. The smallest
vertical grid spacing of 10 cm is at the surface. The buoyancy length scale, hy = u./No,
that is dynamically important for capturing entrainment is resolved by the grid.

An upper Ekman layer develops in the stratified, rotating fluid that is forced by the wind
stress. Rotation imposes a veer on the horizontal velocity that can be seen by the rotation
of the velocity vectors in Fig. 5 with increasing depth. The surface velocity has a clockwise
veer. The magnitude of the surface veer in the turbulent Ekman layer is smaller than the
laminar value of 45°. The velocity profile exhibits two layers: (1) a slab structure near the
surface where the cross-wind velocity remains constant, and (2) a spiral structure toward the
bottom of the Ekman layer where both along-wind and cross-wind velocities rapidly change
with depth. The Ekman layer is capped by the halocline (sharp change in the density owing
to a sharp change in salinity) that can be seen in the region between 25 and 30 m in Fig. 5.
The halocline marks the bottom of the mixed layer. The MLD increases by entrainment of
interior dense fluid across the interface between the mixed layer and the interior.

3.2 Mixed layer thickness without surface heat flux
The dependence of the MLD (%) on the problem parameters is of interest. Here, we
define the mixed layer depth (MLD), h, to be the distance from the surface to the depth

with maximum stratification, N2. Consider the simpler problem without surface heat flux.
At sufficiently high Re so as to ignore the direct influence of viscosity, the dimensional
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parameters that govern the problem are {u., f, No} leading to two independent length
scales,
hy =uy/f and hy =us/Ny. (14)

In the absence of stratification, & depends only on 4y and, as per experiments and simu-
lations, 7 ~ 0.5hy = 0.5u,/f. However, interior stratification reduces the MLD. Pollard
et al. [31] used a slab model to deduce that, under a constant wind stress and an uniform
stratification, the mixed layer reaches its maximum depth of 23/*Ap at the time tf = x
where hp = \/hshy = u./+/ f No takes account of both stratification and rotation. In a
previous LES study [32], the value of MLD after the initial transient (which is longer than
the theoretical prediction) was found to be comparable to the maximum value of Pollard et
al. [31] over a wide range of interior stratifications, 19.2 < No/f < 605.9. However, there
is a difference: later in time, the mixed layer continues to grow in the LES and quantification
of the late-time entrainment becomes important.

A scaling law for the entrainment velocity u, = dh/dt can be obtained as follows.
We conceptualize the problem as a mixed layer of thickness, 4(#), and uniform buoyancy,
by (¢), that progressively deepens. Let the entrainment buoyancy flux at the interface
between the ML and the stratified fluid be (w'#’) = Be. Then,

Uu.N 3/1

Be = —MeAb = —T, (15)

where the first of Eq. 15 is the definition of u, and the second of Eq. 15 follows from the
intial condition of a layer with constant Ny. To obtain B,, consider the dominant balance in
the turbulent kinetic energy (TKE) equation, i.e., among production (P), dissipation (&) and
buoyancy (B):

d (u) o 9w

P=—u")
In the entrainment zone, P and ¢ scale as ui /le, where u, is the friction velocity and [, is a
turbulent length scale, yet to be determined. As a result of Eq. 16, we obtain B, ~ ui /le.
The vertical sides of the density field in the computational domain (Fig. 5) show the
turbulent eddies that develop in the stratified, sheared region in the transition layer between
the turbulent Ekman layer and the stratified water below. It can be surmised from Fig. 5 that
the interfacial turbulent eddies are much smaller than the MLD (k). Equating the kinetic
and potential energy of the overturning motions at the interface leads to /, ~ u /Ny so that
it follows that B, ~ ui Jle ~ uiNo. Substitution of this expression for B, on the LHS of
Eq. 15 leads to
Ue Us hn
o CNoh = 0.049 L
where the LES results are used to obtain C = 0.049. When the flow is non-rotating, u, has
the same dependence on Ny as in Eq. 17 but the value of C in the late-time rotating cases
studied here is an order of magnitude smaller than in the non-rotating case (DNS of Jonker
et al. [33] and also our LES of the non-rotating regime). It is worth noting that in cases with
heat flux, the entrainment velocity depends on another length scale that is introduced into
the problem, i.e., the Obukhov length, Lo, defined by

a7

B 3
kag(Qs + Ons)

where k = 0.4 is the Von Karman’s constant and ¢, = 4,000J/kg K is specific heat of
seawater.
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Fig.6 The variability of DWL physical properties over a week in response of the diurnally varying heat flux
shown in the header: a components of surface heat fluxes: solar insolation Qj, non-solar Qs and net flux,
Onet = Qs + Ons; b temperature, ¢ salinity, and d density. Dashed line in panels (b—d) shows the MLD

3.3 Diurnal warm layer results

A DWL with variable MLD forms in response to the imposed heat flux with diurnal vari-
ability (Fig. 6a). The MLD varies between a peak of approximately 25 m in the night to a
minimum of about 10 m a little after the noon-time peak of the heat flux. Here, we define
the MLD to be the distance from the surface to the depth at which the density increases
by 0.04 kg m~3. The night-time cooling and the daytime heating combine to create a net
warming heat flux of Q = —95 Wm™2. As a result, the temperature (Fig. 6b) exhibits a sec-
ular increase with time in addition to an oscillatory response. The salinity (Fig. 6¢) exhibits
an increase with time owing to the entrainment of saltier water from below. In spite of the
salinity increase, the density (Fig. 6¢) decreases with time; evidently, the influence of heat
accumulation on mixed-layer density is stronger than that of salt.

The variability of shear and stratification in the DWL is more complex than in the
canonical stratified shear layer discussed in Section 2 owing to several factors: a mov-
ing stress-driven boundary generates the velocity difference across the stratified layer; the
density difference is not imposed by a uniform stratification but has two different causes,
namely, a surface heat flux and a salinity jump across the halocline; there is a variable
surface heat flux that is cooling at night and warming with a diurnal modulation in the day-
time; and, rotation leads to a directional change of the horizontal velocity. After sundown,
a surface region of convection with negative N> (white regions in Fig. 7b) develops and
deepens to approximately 10 m. On the other hand, during daytime, water at 10-m depth
stratifies and N2 increases to O(10~%) s~2 at noon when the MLD decreases to about
10 m. There is a variability in the shear too. In the canonical stratified Ekman layer without
surface heat flux, the shear (S2) exhibits a monotone decrease with increasing depth until
there is an increase of S2 in the transition layer between the Ekman layer and the capping
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Fig. 7 The mean structure of the stratified and sheared DWL: a surface heat fluxes: b squared buoyancy
frequency, N 2 ¢ squared shear, S2,andd gradient Richardson number, Ri. White area in panel (b) indicates
N2 < 0. Dashed line in panels (b—d) shows the MLD

stratification below. In the present case (Fig. 7c), nightly convection decreases the squared
shear below 2 m to 107® s=2 while, in the day, there is an increase in shear, e.g. at 10-m
depth $? increases to O(10~*) s=2. The region with enhanced shear and stratification that
forms as a result of diurnal heating is the so-called diurnal jet that has been observed in
the upper ocean, e.g. by Price et al. [8], Sutherland et al. [9] and Moulin et al. [7]. In the
afternoon, the warming heat flux decreases and so does the shear and stratification at 10-m
depth. More interestingly, there is a descending layer of concomitant shear and stratifica-
tion that tracks the wind-induced deepening of the mixed layer from about 10 m to 25 m
as the stabilizing effect of surface heating relaxes. The gradient Richardson number (Ri in
Fig. 7d) in the region between 10 and 25 m decreases from larger than 1 to less than the
critical value of Ri = 0.25 as the descending shear layer passes through. The region encom-
passed by the diurnal jet and the descending shear layer is in a state of marginal instability
with a narrow range of Richardson numbers: 0.15 < Ri < 0.3.

The modulation of Ri by the diurnally varying heat flux has consequences for turbu-
lence as can be expected from the discussion of the stratified shear layer in Section 2. Ocean
observations use the turbulent dissipation rate (¢) as a metric for turbulence; ¢ is directly
measured using turbulent microstructure profilers or is inferred from CTD (conductivity,
temperature, and depth) profilers. Night-time dissipation in the LES (Fig. 8b) exhibits a thin
(5 m) layer of turbulence with ¢ as large as O(10~%) W kg™! that is driven by boundary-
layer shear, while most of the 25-m thick mixed layer exhibits ¢ = O (1077 —1078) W kg_1
with the large values associated with intermittent pulses of convective turbulence. After sun-
rise, convective turbulence rapidly weakens and shuts off within 1 hour after sunrise. The
diurnal surface jet begins to form and by 9:00 hrs the layer of ¢ begins to thicken. The tur-
bulence is driven by the shear of the diurnal jet as can be surmised from the enhanced TKE
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Fig. 8 Turbulence in the DWL: a surface heat fluxes; b turbulent dissipation rate (¢), ¢ turbulent production
(P), and d turbulent heat flux (Qy,p). Dashed line in panels (b—d) shows the MLD

production (P in Fig. 8c) in the marginally stable region of the diurnal jet that extends down
to the location of the descending shear. Owing to the diurnal jet, ¢ in the region between 10-
and 20-m depth increases dramatically in the evening (4:00 - 9:00 hrs) to values near its near-
surface maximum of 107 W kg_l. The turbulent heat flux given by Qsyrp = poCpT'w’
is computed and plotted in Fig. 8d. Negative values of Qy,,p at a vertical location signify
warming heat flux. Turbulence associated with the thickening diurnal jet is responsible for
the warming of the mixed-layer subregion between 10- and 20-m depth and, remarkably,
this warming occurs over just a few hours in the late afternoon.

The sea-surface salinity (SSS) changes in the LES solely because of the entrainment
of saltier water at depth through the stable halocline. Precipitation and evaporation are not
included in the present model. The variability of SSS over a one-week period is shown in
Fig. 9. On days 2-7, SSS increases only during the night (between 12:00 and 6:00 hrs). The
amount of daily increase of SSS decreases over the week as the night-time MLD (Fig. 9b)
increases and the salty halocline is located progressively further away from the surface. A
fit to the MLD evolution leads to

dh u?
=01 ) (19)
dt Noh(t)

The coefficient of 0.1 in Eq. 19 for the deepening of the upper-ocean Ekman layer with an
additional diurnally-modulated heat flux is about twice the coefficient in the entrainment
law found by Pham and Sarkar [32] for the case without any heating. Thus, turbulence
from the diurnal jet and night-time convection act over the 24-hr period to increase the
entrainment rate.
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Fig. 9 Variability of sea surface salinity (SSS) and mixed-layer depth (MLD) due to turbulent entrainment
at the base of the mixed layer: a SSS; and b MLD. Symbols in (b) denotes the maximum night-time MLD.
Entrainment rate is estimated by a linear fit going through the nightly maximum MLD (red dashed line).
The blue dashed line, which denotes the MLD in the case of no surface heat flux [32], is also shown for
comparison

4 Equatorial Undercurrents

We turn to a problem, the Equatorial UnderCurrents (EUC), where subsurface shear of an
ocean current combines with wind forcing and the diurnal cycle of heat flux to engender
deep cycle (DC) turbulence that extends much deeper than the mixed layer and is modulated
by the diurnal cycle. A striking feature of the mean flow observed in the EUC is that the
gradient Richardson number (Ri = N2/§?) remains near the value 1/4 in the layer where
DC turbulence is found. This suggests that the flow subject to DC turbulence is in marginal
instability (MI) [34-36]. The deep cycle can be understood as a stratified shear layer in a
state of marginal instability (MI) that is perturbed by some mechanism that varies diurnally.
The identity of this diurnal trigger has been a subject of debate. Recent observational [35]
and simulation [34] evidence identifies the daytime surface current as the trigger. During
the day, solar radiation stratifies the uppermost few meters of the ocean, trapping the wind-
driven turbulent momentum flux and allowing the acceleration of a strongly sheared surface
current. After local noon, the stabilizing influence of solar heating relaxes, and in late after-
noon, the surface current becomes unstable. Momentum from the surface current spreads
downward, enhancing the shear in the MI layer, reducing Ri and thereby triggering strong
turbulence. Countering this is turbulent mixing, which tends to mix the shear and stratifica-
tion profiles so as to increase Ri, causing turbulence to decay. DC turbulence appears to be
controlled by a combination of local shear and stratification (combining to produce the MI
state) and surface fluxes of momentum and buoyancy (tipping the MI flow into the unstable
regime each evening).

The results of this section are based on the those reported by Pham et al. [13] as well
as additional results on the heat transfer. The initial conditions of the LES are chosen using
the observations during the months of January, April, July and October. During these times,
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measurement suggests considerable differences due to the seasonal variability in the MI
state. There was variability in turbulence too, e.g the observed dissipation rates in April
were low. It is of interest to examine how the DC turbulence would vary according to the
difference in MI condition.

4.1 Numerical model

The governing equations are similar to the ones used in the previous section; however, the
Coriolis term is suppressed and the evolution equation for salinity is omitted.

The subgrid stress, 7;;, is modeled with a Smagorinsky-type model similar to Pham et al.
[34] and the subgrid heat flux Q; modeled with an assumption of unity subgrid Prandtl
number. Surface boundary conditions are based on typical fluxes of momentum and heat
observed at the sea surface. The momentum flux, t,,, and the nonsolar heat flux, Q,;, are
constants equal to climatological monthly averages (see Table 2) and are applied as surface
boundary conditions on velocity and temperature, respectively. The diurally-varing solar
heat flux, Qg (2, t), is applied as in the simulation of the diurnal warm layer discussed
in the previous section. The maximum amplitude (most negative) of the solar flux at the
surface, Oy max, 1S adjusted according to observational data. We take the observational data
collected by the mooring deployed at 0° 140°W during the months of April, July, October
and January from January 1979 to March 2013 and average them to obtain the surface fluxes
that are listed in Table 2.

The LES model is initialized with mid-afternoon profiles of velocity and temperature
representative of the target months. Each profile is the average of all observed values
between 15:00 and 16:00 hours for the specified month during the period between Septem-
ber 1996 and November 2010. Mid-afternoon initialization is chosen to make the turbulence
spin-up phase as natural as possible, since turbulence is typically weak at that time of
day.

The computational domain is chosen to be 480 m by 80 m by 865m in the zonal, merid-
ional and vertical directions, respectively, using 384 by 64 by 512 grid points. The horizontal
grid spacing is 1.25 m. The vertical grid is uniform in the top 80 m with a spacing of 0.25 m.
In the region below, a grid stretching of 3% is used with the largest spacing equal to 19 m
at 865 m depth. Periodic conditions are used on the lateral boundaries and a sponge region
is employed in the bottom 300 m. The domain dimensions are sufficiently large to capture
the wavelength of the largest instability that is likely to arise.

Table 2 Parameters used in the simulated cases

Case Tw[Nm™2] Os.max[Wm™2] Ons[Wm™2]
Jan -0.0681 -886.6 128.4
Apr -0.0287 -879.9 106.8
Jul -0.0612 -827.6 151.0
Oct -0.0561 -936.2 126.3

Qs.max indicates the maximum value of surface solar radiation at noon. Q, is the non-solar part of the heat
flux that includes long wave, latent and sensible heat fluxes and is generally a cooling flux
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4.2 Results of equatorial undercurrents simulations

Simulations of the 3-day time period indicate that the DC turbulence occurs in all four
simulated months. Thus, our initial observation-based inference that DC turbulence is absent
in April must be modified; there is DC turbulence in April but limited to a thinner layer
than in the other months as elaborated below and was therefore not clear in the moored
observations of turbulence microstructure.

Figure 10 shows the enhanced dissipation rate which extends below the mixed layer
depth (MLD) during night time. The turbulence in the DC layer can be stronger than the
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Fig. 10 Enhanced dissipation rate due to deep-cycle turbulence in the four simulations. Panels to the left
show the profiles of zonal velocity at the initial time. The upper and lower solid lines on the dissipation panels
mark the mixed layer depth and the MI depth where Ri = 0.25, respectively. At night time, strong turbulence
extends up to 70-m depth in the months of Jan, July and October. The turbulence occurs at shallower depth
in April due to the upwelling of the thermocline to 40-m depth
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Fig. 11 Comparison of the structure of shear instabilities between the April simulation (a, b, ¢) and the July
simulation (d, e, f). Cross-section shown at 2200 local time during the third night of the simulation. The
instabilities are Kelvin-Helmholtz-type with 10-m overturns of isotherms

turbulence found in the mixed layer. The night-time DC turbulence occurs in distinctive
bursts. The first burst of the night occurs consistently around 18:00 hours. In the late after-
noon, as the solar radiation weakens, the wind-driven momentum trapped in the surface
current is released and the shear becomes unstable. The resulting turbulent mixing gener-
ates a downward turbulent flux which triggers the shear instabilities in the DC layer. The
subsequent turbulent bursts are as strong as the first burst and they extend deeper into the
DC layer. Among the simulated cases, the April simulation has the shallowest DC turbu-
lence due to the upwelling of the thermocline and the EUC jet during this time of the year.
Both the shear and the stratification in the DC layer increases at the this time; however, the
gradient Richardson number becomes significantly larger than 0.25. The flow loses its MI
condition at depths where the three other cases have MI and, therefore, the DC turbulence
does not extend as deep as in the other cases.

The difference between the DC turbulence in the April and July cases is illustrated in
Fig. 11. The profiles of Ri in Fig. 11b, e clearly shows the difference in the MI condition. In
the April simulation, due to the upwelling of the thermocline at this time of year, the strati-
fication and shear rate at 30-m depth are considerably larger than that in the July simulation.
As aresult, Ri becomes larger than 0.25 at approximately 35-m depth and so the DC turbu-
lence is capped at this depth. In contrast, subcritical Ri occurs down to 60-m depth in the
July simulation, so the DC turbulence can extend to a greater depth. Despite the difference
in the vertical extent, the intensity of DC turbulence is similar between the two cases. The
turbulence in both cases are triggered by Kelvin-Helmholtz shear instability. The horizon-
tal wavelength of the instability is longer in the April simulation suggesting the wavelength
does not scale with the mixed layer depth but rather with the shear length scale local to the
DC layer.

An important effect of DC turbulence is the heat flux it generates between the surface
mixed layer and the underlying thermocline. The vertical gradient of the turbulent heat flux
influences whether the water at specific depth warms or cools. Figure 12 contrasts turbu-
lent heat flux Qy,,», among the cases. At night, the heat flux exhibits one or more negative
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Fig. 12 Comparison of resolved turbulent heat flux, Q5 in the four simulated cases. The amplitudes of
the flux are similar between the cases but the vertical extent is shallower in the April simulation. Solid lines
denote mixed layer depth

peak values in the MI layer, indicating a downward heat transport which often exceeds
500W m~2 instantaneously. The vertical gradient is positive at depths above the peak and
negative below. Therefore, DC turbulence cools the water in the mixed layer and warms the
water in MI layer. DC turbulence reaches the greatest depths in the January, July and Octo-
ber simulations, with warming seen at 80 m depth (see Fig. 12). The April simulation has
shallow MI layer, and thus warming only extends to 40 m depth. The night-time turbulent
heat flux due to DC turbulence is more continuous in other seasons relative to the April
simulation which shows a few distinct bursts of turbulent heat flux. The instantaneous peak
values of turbulent heat flux are comparable among the simulations.
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Table 3 Comparison of daily-averaged heat budget in the surface mixed layer

Case hyrp [m] Qsurf [Wm™2] Jg (Wm™2] aT /ot [Kmonth™"]
Jan 30.5 —134 -96 0.8
Apr 16 -154 =79 3.0
Jul 33 —94 -96 0.0
Oct 31 -151 -60 1.9

hyrp is the furthest distance from the surface that the mixed layer can reach over the day. Qg s is the net
heat flux that crosses the ocean surface. J, is the daily-averaged resolved turbulent heat flux measured at

hyep. 0T /9t measures the rate of change of the temperature averaged over the mixed layer

How does the DC turbulence influence the temperature in the surface mixed layer on
a daily basis? To answer this question, we analyze the daily-averaged heat budget in the
mixed layer. The budget for the daily average can be described by the following equation:

of 1 /0 oT 1 (Jg = Qsury)

o —dz = . (20)
ot hmrp J-hyp Ot pocp  hmrp

Table 3 compares the terms in the budget among the four simulations. Since the daily-
averaged surface heat flux is negative in all simulations, its contribution to the budget is to
increase the temperature of the mixed layer. In contrast, the turbulent heat flux cools the
mixed layer from below. The difference between the surface heat flux and the turbulent heat
flux (Jy) at the MLD location dictates whether there is a net increase or decrease in tem-
perature. Among the simulations, the temperature increases faster in the April simulation
while it does not change in the July simulation. In the April simulation, the surface warm-
ing flux (—154 Wm™2) is larger in magnitude than the turbulent cooling flux (—79 Wm™2).
As a result, heat accumulates in the mixed layer. In contrast, the surface flux in the July
simulation is relatively smaller (—94 Wm~2) and the turbulent flux (—96 Wm™~2) at MLD
are comparable so that the temperature does not change. The October and January simula-
tions show intermediate values of warming between these two extremes. Thus, the intensity
of the DC turbulence influences the temperature of the mixed layer. The stronger is the
turbulence, the cooler is the temperature. Analysis of the TAO mooring data from 2006 to
2011 shows that the SST increases at a rate of 1.5 to 2.1 K per month during boreal spring
while it decreases at a rate of 1.6 to 4.7 K per month during summer [12]. The present
LES results are based on an average over a much longer period (1979-2013) that does
not have the bias towards tropical instability waves seen in the 2006-2011 period but the
larger SST increase in spring over summer in the LES is qualitatively consistent with these
observational estimates [12].

5 Concluding Remarks

Turbulence is a crucial determinant of the upper-ocean thermal structure that modulates air-
sea coupling and thereby weather and climate. Geophysical turbulence is often affected by
variations in buoyancy, b = —g(p, — po)/po, where p,, is the potential density and pg is
the constant reference density. Three examples drawn from our recent work are discussed
in the present paper to illustrate how wind, diurnal forcing and vertical buoyancy gradients
interact to impact upper-ocean turbulence and mixing. Our tools are high-resolution DNS
and LES.
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In the first example of a shear layer in a uniformly stratified background, we discuss
the lifecycle of the flow using DNS at relatively high Reynolds number (Re): transition
to turbulence through a sequence of instabilities, thickening of the shear layer in the ver-
tical, transport and mixing of the density field and, eventually, turbulence decay as the
kinetic energy in the flow becomes insufficient to overcome the potential energy barrier (that
increases with shear-layer thickening) to overturning, three-dimensional turbulent motions.
Stratification, shear, turbulence, and terms in the turbulent kinetic energy budget exhibit
qualitative differences as the flow evolves through different stages.

The second example concerns the diurnal warm layer (DWL) which forms as the upper-
ocean boundary layer (OBL), that is driven by a wind stress (taken to be constant here),
responds to the diurnal cycle of daytime solar insolation and night-time cooling. Daytime
heating leads to increased near-surface stratification, the mixed layer thins to about 10 m,
and the momentum input by the wind is trapped in a stratified, sheared layer at the surface,
the so-called diurnal jet. In the evening, the stratification relaxes and there is a layer of
descending shear that penetrates down to the capping halocline at 25 m. The diurnal jet
and the descending shear are found to promote turbulence. The uptake of surface heat input
by warming of the layer between 10- and 25-m depth occurs over a short period of about
4 hours in the late afternoon and evening as a result of the turbulent layer created by the
descending shear.

The third example of the Equatorial Under Current (EUC) corresponds to a jet with asym-
metric stratification and shear that is forced by the wind and a diurnal cycle of heat flux. LES
is conducted for 4 different choices of initial conditions and surface forcing taken to repre-
sent the seasons. The simulations are able to capture not only the episodic nature of deep
cycle (DC) turbulence and heat flux that is seen in the observations but also the seasonal
variability of mixing. The local Richardson number, Ri = N2/S?, is the key parameter
and the layer susceptible to DC turbulence is found to be in a state of marginal instability,
Ri =~ 0.25. Wind, the diurnal cycle, and the initial conditions of shear and stratification
influence the vertical and temporal variability of Ri which is the primary control on the for-
mation and decay of DC turbulence. Accurate representation of the seasonal variability of
turbulent mixing is found to be important for the seasonal variability of the warming/cooling
trend of the EUC.

There are important upper-ocean turbulent processes that have not been considered here.
The upper surface of the ocean is deformable. Surface waves affect upper-ocean mixing in
mainly two ways: first, Stokes drift that leads to vertical transport by Langmuir cells and,
second, wave breaking which leads to turbulence. It is worth noting that high-resolution sim-
ulations are leading to insights into surface wave-driven turbulence. We have not considered
the influence of horizontal variability of the mean velocity and temperature in the present
work. Submesoscale (100 m to 10 km horizontal scale) instabilities induced by lateral buoy-
ancy gradients lead to complex profiles of vertical stratification that influence vertical OBL
mixing and also lead to secondary turbulent flows. The interaction of lateral submesoscale
variability with vertical mixing is a topic of ongoing research. The coupling of the OBL to
the atmospheric boundary layer (ABL) is usually performed at coarse horizontal grid scales
in numerical weather prediction. Coupled OBL-ABL process studies that resolve turbulence
will become increasingly important to increase the fidelity of parameterized air-sea fluxes
in regional and global climate models.
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