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ABSTRACT: Several years of moored turbulence measurements from ypods at three sites in the equatorial cold tongues
of Atlantic and Pacific Oceans yield new insights into proxy estimates of turbulence that specifically target the cold tongues.
They also reveal previously unknown wind dependencies of diurnally varying turbulence in the near-critical stratified shear
layers beneath the mixed layer and above the core of the Equatorial Undercurrent that we have come to understand as
deep cycle (DC) turbulence. Isolated by the mixed layer above, the DC layer is only indirectly linked to surface forcing.
Yet, it varies diurnally in concert with daily changes in heating/cooling. Diurnal composites computed from 10-min aver-
aged data at fixed ypod depths show that transitions from daytime to nighttime mixing regimes are increasingly delayed
with weakening wind stress 7. These transitions are also delayed with respect to depth such that they follow a descent rate
of roughly 6 m h™', independent of 7. We hypothesize that this wind-dependent delay is a direct result of wind-dependent
diurnal warm layer deepening, which acts as the trigger to DC layer instability by bringing shear from the surface down-
ward but at rates much slower than 6 m h™'. This delay in initiation of DC layer instability contributes to a reduction in
daily averaged values of turbulence dissipation. Both the absence of descending turbulence in the sheared DC layer prior
to arrival of the diurnal warm layer shear and the magnitude of the subsequent descent rate after arrival are roughly pre-
dicted by laboratory experiments on entrainment in stratified shear flows.

SIGNIFICANCE STATEMENT: Only recently have long time series measurements of ocean turbulence been
available anywhere. Important sites for these measurements are the equatorial cold tongues where the nature of upper-
ocean turbulence differs from that in most of the world’s oceans and where heat uptake from the atmosphere is concen-
trated. Critical to heat transported downward from the mixed layer is the diurnally varying deep cycle of turbulence
below the mixed layer and above the core of the Equatorial Undercurrent. Even though this layer does not directly con-
tact the surface, here we show the influence of the surface winds on both the magnitude of the deep cycle turbulence and
the timing of its descent into the depths below.

KEYWORDS: Tropics; Atmosphere—ocean interaction; Diapycnal mixing; Diurnal effects; Mixed layer; Mixing

1. Introduction the ocean interior and thus plays an important role in the cli-
mate system (Moum et al. 2009, 2013).

These early observations (Moum et al. 1989) showed that
DC turbulence depends strongly on wind stress, particularly
the component that is antiparallel to the equatorial undercur-
rent and therefore amplifies the shear on its upper flank.
More recent analyses of long-term mooring data (Smyth et al.
2021) have shown that the strength of DC turbulence is gov-
erned primarily by wind stress but also directly by the local
shear. Those analyses pertained to daily-averaged measure-
ments and therefore did not resolve the diurnal cycle. Here,
we explore the dependence of diurnally cycling, deep turbu-
lence on wind stress and on the shear of the equatorial zonal

Over most of the ocean, a turbulent mixed layer forms at
night due to the combination of wind and surface cooling
(Shay and Gregg 1986). Turbulence extends for some tens of
meters below the surface and is isolated from deeper waters
by a thin layer of stable stratification (Anis and Moum 1994).
Early observations of mixing in the central equatorial Pacific
showed the surprising result that, while there was a well-
defined nocturnal mixed layer, diurnally varying turbulence
extended into stratified waters below (Moum and Caldwell
1985; Gregg et al. 1985). This deep nocturnal turbulence was
eventually termed the “deep cycle” (hereinafter DC). The
combination of high turbulence diffusivity and stable stratifi-

cation creates a strong flux of heat from the mixed layer into ~ current systenm.
A fundamental component of the DC mechanism is the

shear between the Equatorial Undercurrent (EUC), typically
near 100-m depth at 140°W, and the surface South Equatorial
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FIG. 1. Time-dependent vertical structure of DC turbulence averaged over 8 days of profil-
ing measurements at 0°, 140°W in 2008 (Moum et al. 2009; Smyth et al. 2013): (a) Potential
density ;. (b) Zonal velocity u shifted by —0.3 m s~ ! to show the more typical westward-
flowing South Equatorial Current (SEC) at the surface. The Equatorial Undercurrent is
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upwelling) to keep the gradient Richardson number Ri near
its critical value of 1/4 (Smyth 2020). This persistent state is
preferentially nudged toward and beyond critical as the end
of the solar day nears, presumably due to the shear-induced
deepening of the base of the diurnal warm layer that forms
during net daytime heating (Hughes et al. 2021), a hypothesis
discussed in more detail here in section 6a.

The deepening of the stratified shear layer, followed by the
initiation of DC turbulence, is depicted in the diurnal compos-
ite shown in Fig. 1, based on the 8 days of detailed profiling
measurements from late 2008 examined by Smyth et al.
(2013). During this period the mean depth of the EUC was
about 100 m (Fig. 1b). The layer descends from near the sur-
face to about 60 m at a rate close to 6 m h™! (Figs. 1d—f). The
time-lagged arrival of the layer at depth is immediately fol-
lowed by large values of turbulence kinetic energy dissipation
rate € as indicated by the line plots in Figs. 1g and 1h from
25-m depth. Indeed, the sheared layer is found to preferen-
tially trigger shear instability (Smyth et al. 2013). Averaged
daily and over the depth range of the DC, € is governed pri-
marily by zonal wind stress (Smyth et al. 2021). The wind af-
fects DC turbulence in two ways: by providing the energy
source for the equatorial zonal current system and, on a
shorter time scale, by creating the daytime surface shear layer.

Present knowledge of DC turbulence has come almost ex-
clusively from the Pacific cold tongue at 0°, 140°W. The de-
tailed depiction represented in Fig. 1 can only be obtained
from shipboard profiling measurements. Observations using
moored turbulence instruments (ypods; Moum and Nash
2009) provide longer records that show responses to a broader
dynamic range of winds, tropical instability waves, ENSO,
and other long time scale phenomena, albeit without the de-
tailed vertical structure available from the shipboard meas-
urements. We now have sufficiently long records to define the
DC signal in the eastern Atlantic cold tongue, specifically at
0°, 10°W and at 0°, 23°W (Moum et al. 2022). Measurements
from both regions are evaluated and compared here to more
generally characterize the dependence of DC turbulence on
wind and shear. The data are briefly presented in section 2. In
section 3, we compare the current shear and wind stress at the
three sites, using these to test a proposed proxy for e. The di-
urnal time—depth dependence of e is examined through diur-
nal composites at each ypod depth in section 4 and its wind
dependence in section 5. These results are briefly compared
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with the only comparable equatorial results we know of in
section 6a and observed descent rates are interpreted in rela-
tion to laboratory measurements of entrainment rates in strat-
ified shear flows (section 6b). Conclusions follow in section 7.

2. Data

The measurements discussed here were made by ypods de-
ployed on the equatorial moorings at 0°, 140°W, part of the TAO/
TRITON array in the Pacific Ocean (McPhaden et al. 1998) and
at 0°, 23°W and 0°, 10°W, part of the PIRATA array in the Atlan-
tic Ocean (Bourlés et al. 2019). Mooring details, history, and data
are found online (https://www.pmel.noaa.gov/gtmba/).

xpods have been deployed on the TAO/TRITON mooring
at 0°, 140°W since September 2005 and on the PIRATA
moorings at 0°, 10°W and 0°, 23°W since March 2014. Nominal
xpod depths and depth ranges of both the mixed layer base
and the EUC core at each location are indicated in Fig. 2.

xpods were developed to obtain long time series of turbu-
lence measurements from which are derived estimates of rele-
vant turbulence parameters, including €, used here to quantify
turbulence magnitude. Details of the measurement and analy-
sis of the turbulence signals are found in Moum and Nash
(2009), Zhang and Moum (2010), and Perlin and Moum
(2012). A complete analysis primer (Warner 2020) describes
the computation from the raw ypod data with speed and strat-
ification inputs from moored temperature and velocity data.

At each mooring location is a mooring pair: a surface moor-
ing on which is deployed temperature and conductivity sen-
sors, frequently a current meter in the 10-20-m depth range as
well as our ypods, and a separate subsurface mooring at 1-km
nominal separation that houses an upward-looking 150-kHz
acoustic Doppler current profiler (ADCP) at 250-300-m
depth. The ADCP data are sampled with 8-m bins, averaged
at hourly intervals and then gridded to 5-m bins. From these
data is computed the squared current shear Sh? = u2 + 2,
where u and v are hourly values of zonal and meridional cur-
rents and the subscript z represents the vertical derivative.

To match these ADCP depth bins, we fit cubic Akima
splines to combine temperature and salinity from discrete
depths on the surface mooring and create a smooth vertical
profile (Warner 2020), following the method described by Pham
et al. (2017). From these smoothed profiles are computed
the vertical temperature gradient 7, and squared buoyancy

«—

indicated as EUC. The remaining panels are plotted as diurnal composites from 1200 to
1200 LT to highlight nighttime DC turbulence. (c) Clear-sky shortwave radiation to indicate
solar time. Depth-time image plots of (d) log;(4N? where the squared buoyancy frequency
N? = —gp./p, represents density stratification, p is the depth-dependent density, py is a
background reference value, subscript z represents differentiation with respect to the vertical,
and g is Earth’s gravitational acceleration. (e) Longhz, where the squared current shear
Sh? = u? + v2 and v is the meridional component of velocity. (f) Turbulence dissipation rate
log;ge. In (d)—(f) the green line indicates a constant descent rate of 6 m h™!. Composite time
series at 25-m depth of (g) 4N? (red), Sh? (blue), (h) €, and (i) a velocity scale U = L, with
Sh defined in section 6b and the Ozmidov scale L, = Ve/N3. The 25-m depth horizons are in-
dicated in (d)—(f) by the colored tics on the right vertical axes.
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FIG. 2. xpod depths in the cold-tongue deployments at the equa-
tor and 140°, 23°, and 10°W. Primary deployment depths are indi-
cated by the black circles. The depths indicated by the gray circles
were occupied less frequently. Also indicated are the depth ranges
of mixed layer base (black whiskers) and Equatorial Undercurrent
core (blue whiskers). The center dots indicate median depths of
hourly values, thick bars extend over the 25th-75th percentiles,
and the whiskers extend to the 10th and 90th percentiles.

frequency N* = —gp_/po, where g is the gravitational accelera-
tion, p, is the density gradient, and py is a background refer-
ence value. Values of current speed and N? are interpolated
from the gridded data to ypod depths as inputs to the computa-
tions of turbulence quantities.

The surface moorings include wind anemometers at 4-m
height from which wind stress 7 is estimated by correcting
hourly winds to 10-m height and applying the formulation of
Large and Pond (1981) as described by Warner (2020).

3. Winds, current shear, and mixing in the cold tongues

Here we contrast some basic properties relevant to DC turbu-
lence at our three sites. Specifically, we compare mixed layer and
EUC core depths, wind stress, and mean values of current shear,
N? and e between the mixed layer base and the EUC core. We
then compare proposed parameterizations for DC turbulence.

a. Site comparisons

The ranges of mixed layer depths (MLD)' based on hourly
data do not differ significantly at the three sites (Fig. 2). EUC
depths (both based on hourly data) are deepest at 140°W and

I MLD is defined from our gridded temperature profiles as the
depth at which the temperature is 0.015°C less than that at 1-m
depth.
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progressively shallower from 23° to 10°W. Because the ADCP
measurements are limited to depths below 25 m at 10°W (and
to below 30 m at 23° and 140°W) because of sidelobe contami-
nation by the sea surface, the current structures above the
EUC core depth at 10° and 23°W are only barely resolved.

Time series of T based on 10-day averages at the three sites
(Figs. 3a—c) show seasonal variations at 140° and 23°W with
peak-to-peak amplitudes greater than 0.05 Pa. Mean values of
T at 140°W are greater than at 23°W by 20% (Table 1). The
mean value of 7 at 10°W is slightly smaller than that at 23°W,
while the seasonal variability is considerably greater. A funda-
mental distinction is the dominance of zonal wind stress at
140°W and of meridional wind stress at 10°W (Table 1), a
dominance that prevails throughout the year. At 23°W the
wind stress varies seasonally from predominantly zonal to
predominantly meridional.

Averaged values of N% Sh?, and e over 10 days in time
were computed over the depth range roughly bounded above
by the MLD and below by the EUC core (as in Fig. 2).
In practice, we define this range as [27.5, 37.5] m at 10°W,
[27.5,47.5] m at 23°W, and [27.5, 75] m at 140°W. These depth
ranges avoid the weakly sheared regions immediately above
the EUC core and target the maximum values of Sh? in the
DC layer. They include the uppermost three ypods at 10° and
23°W and the uppermost five ypods at 140°W. Time series of
these averaged variables are shown in Fig. 3.

Time mean values of Sh® in the DC layer are about
3X greater at 10°W and (2X greater at 23°W than at 140°W
(Table 1). At the higher values, the 4N?, Sh* data pairs repre-
senting 10° and 23°W tend below the critical value of Ri = 1/4
(Fig. 4). In contrast, the lower values of Sh? and N* at 140°W
follow Ri = 1/; reasonably well. We revisit this point in the
appendix and in the discussion (section 6d), in part because it
suggests a potential source of measurement uncertainty.

Values of € were averaged at the ypods that cover the depth
range encompassing the MLD to EUC core. Over this depth
range, the time mean value at 140°W is 80% greater than at
the shallower sites in the Atlantic cold tongue (Table 1). The
higher values are dominated by the period prior to 2012, cor-
responding to the period of reduced atmospheric warming
(England et al. 2014; Risbey 2015) and not sampled at the At-
lantic cold-tongue sites. The 140°W record missed the signifi-
cant 2017 La Niiia, precluding a clean distinction between
pre-2012 and post-2012 mixing. This is particularly unfortu-
nate as it has been conjectured that excess ocean heat uptake,
a measure of which ypods provide (Moum et al. 2013), during
2000-12 may be responsible for the reduced atmospheric
warming and that the cold tongues take up a disproportionate
amount of heat from the atmosphere (Holmes et al. 2019).

At 140°W, € is significantly correlated with both || and Sh?
(Table 2). At 23°W, e is significantly correlated with |7| but
not with Sh’. At 10°W, € is correlated with neither.

b. Dissipation proxies

Wind stress and shear contribute to three proxies for €. The
first derives from a production—dissipation balance of the tur-
bulence kinetic energy equation in which the Reynolds
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FIG. 3. Time series of (a)—(c) |7], (d)—(f) Sh%, and (g)(i) € between mixed layer and EUC core depths at 140°, 23° and 10°W for the period
2005-19. These data have been averaged over 10 days. Also shown in (g)—(i) are three proxies for € as described in the text.

stress is represented by the squared friction velocity in the
water uz = |7l/p, and the shear is that of the DC layer
(Moum et al. 1989; Smyth et al. 2017). That is, €, = u3Sh.
From the 1984 Tropic Heat experiment (Moum et al. 1989),

€, = 0.2uiSh. 1)

The constant value of 0.2 was replicated from scaled averages
of xpod profiles at the three equatorial sites 140°, 23°, and
10°W by Moum et al. (2022). This parameterization is repre-
sented in Figs. 3g-i.

A second proxy was proposed by Smyth et al. (2021) based
on a broad statistical analysis of factors considered to contrib-
ute to DC turbulence. This evaluation employed only the
xpod data at 0°, 140°W and led to the estimate

€p = (0.27 - Ship, 115" )

where J;V is the solar component of the surface buoyancy
flux, and negative values of the dot product 7 - Sh are set to
zero. The coefficient value 0.2% (more precisely 0.0414) was
calibrated by matching the long-term mean of e. Variations
of J3¥ on 10-day time scales are < 50% (Smyth et al. 2021,
their Fig. 2e) so that variations in ep are governed by varia-
tions in 7 - Sh.

The vector form ep incorporates the wind stress 7 working
in the direction of the shear vector Sh. At 140°W in the Pacific
these vectors are, for the most part, aligned (Table 1) and no
values of 7 - Sh from 10-day averages are less than 0. This is
also the location where the coefficient was defined (Smyth
et al. 2021) and here ep reasonably represents observed values
of € as indicated in terms of mean values, as well as dynamic
range and median values (Figs. 3, 5, and 6). At 10°W, where
wind and shear vectors are mostly misaligned, € and ep are

TABLE 1. Mean values of wind stress magnitude |7]; zonal and meridional wind stress components 7, and 7,, respectively; Sh?;
and e. The 95% bootstrapped confidence intervals are indicated in parentheses; Sh? and e were averaged over the ypods between

MLD and EUC core.

Location |7| (Pa) 7, (Pa) 7, (Pa) 10*Sh? (s72) 107e (m* s7%)
10°W 0.046 (0.045, 0.048) ~0.017 0.032 12 (11, 13) 1.5 (13, 1.8)
23°W 0.050 (0.048, 0.051) ~0.037 0.026 5.8 (5.5, 6.0) 1.6 (1.4,1.7)
140°W 0.061 (0.059, 0.063) ~0.059 0.013 4.0 (3.8, 4.2) 2.8 (23,32)
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FIG. 4. Scatterplot of 4N? vs Sh*> computed as 10-day averages
over the DC layer at the equator and 140°W (black), 23°W (red)
and 10°W (blue).

correlated (Table 2, Fig. 5) but the magnitude of ep signifi-
cantly underestimates e (Figs. 3i, 5, and 6¢). To a lesser extent,
the value of €p at 23°W also underestimates € on 10-day aver-
ages, again a consequence of vector misalignment. At 23°W,
15 (of 149) 10-day values of 7 - Sh are less than 0. At 10°W,
34 (of 191) 10-day values are less than 0. At all three loca-
tions, ep represents mean values of e well (Moum et al. 2022),
although, as Smyth et al. (2021) point out, it does not account
for the observed variability.
We also consider a variant of ep without the dot product:

_ (02l7lishl/p))* _ &
P g ©)
b b
The parameter €p, reasonably represents mean and median val-
ues as well as the variability in € well at all three sites. A compari-
son of ep; with € is included in Figs. 3g—i, 5b, and 6d—f. At 140°W,
there is marginal difference between ep and ep;. Although, ep
slightly underestimates median values of e (Fig. 6a) and ep;
slightly overestimates medians of € (Fig. 6d). At 10°W, the differ-
ences are more significant, even though €p is more highly corre-
lated with € than it is with €p;.

TABLE 2. Correlations of DC e with wind stress, squared current
shear, and the proxy values €p and ep;. Data were averaged over
10-day periods.

Location |7/ (Pa) Sh®>(s™%) e (m*s™®)  ep (m>s2)
10°W 0.11 —0.02 0.36 0.12
23°W 0.63 0.15 0.72 0.71
140°W 0.54 0.44 0.66 0.66
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FIG. 5. Scatterplots of 10-day averaged values of (a) € vs €p and
(b) € vs epy. Correlations are Spearman, with respective p values in
square brackets. The p values shown as 0.000 indicate statistical sig-
nificance of the correlation.

In the derivation of ep, Smyth et al. (2021) represented
the combination of wind and current shear as the dot product
7 - Sh; but this assumption was not tested since only data from
140°W (where wind and shear are well aligned) was used. The
dot product may be an oversimplification in the case of signifi-
cant wind shear misalignment. For example, if wind and shear
are perpendicular, the dot product is zero, but the wind could
nevertheless increase Sh” and thus support shear instability.
Misaligned winds and shear may occur during the passage of
tropical instability waves along the equator (Moum et al.
2009) or by the equatorial roll, a wind-forced cross-equatorial
flow (Heukamp et al. 2022).

We might therefore expect that the dot product formula-
tion overestimates the reduction of turbulence due to wind
shear misalignment, and this appears to be the case at 10°W.
There, the measurements lie between ep (which overcorrects
for misalignment) and €p; (Which ignores alignment entirely).

The variables T and Sh are clearly significant in maintaining
DC turbulence. These two variables are typically not inde-
pendent. In the Pacific’s cold tongue, far from the eastern
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boundary, easterly trade winds drive the equatorial zonal cur-
rent structure that results in the highly sheared DC layers
(Philander 1981; Knox and Halpern 1982). In the eastern At-
lantic, closer to the eastern boundary, the momentum balance
of the EUC is more complicated particularly due to locally
variable winds that substantially change in strength and direc-
tion within the seasonal cycle (Johns et al. 2014). Here, the
shear in the DC layer might be additionally forced remotely
via the propagation of equatorial waves (Brandt et al. 2016).
However, given the presence of DC shear, there is another
mechanism by which 7 independently governs the nature of
DC turbulence. In the next two sections, we show how de-
creasing wind stress retards the daily initiation of DC turbu-
lence at the ML, thereby reducing the length of time that high
values of e persist in the DC layer. In addition, lower values
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of T are associated with lower values of DC e throughout the
day.

4. Diurnal time—depth dependence of DC turbulence

Consistent diurnal variations in € beneath the mixed layer
that are symptomatic of DC turbulence were shown in Moum
et al. (2022) as two-dimensional histograms of 10 min values
of e from the uppermost ypods at the three sites investigated
and sorted in local time. Here and in section 5, we examine
the effects that variations in wind stress have on these diurnal
variations. We first generate daily composites of € at all xpod
depths by binning the data in 10-min bins and then computing
the median value in each 10-min bin. From these daily compo-
sites we investigate the depth dependence of the DC turbulence
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confidence levels of median values are indicated by the shaded red
lines. Times of maximum values of ¢, at each depth are shown by
black dots. The median lines are replicated by the red lines in the
left column of Fig. 8.

via analysis of the multiple ypods at each location. Last, sorting
by wind stress shows how winds affect the deepening rates of
DC turbulence (section 5).

As a guide to examination of systematic diurnal variations
of DC turbulence, consider first the diurnally sorted record at
140°W and 7 > 0.075 Pa (Fig. 7). Here we use median values
of € in 10-min bins as our metric. Mean values are roughly
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10 X as large as medians and are dominated by relatively few
values in € distributions with typically high values of kurtosis,
thereby obscuring the trends evident in Fig. 7. Systematic var-
iations are clear at all ypod depths to 89 m. At all depths there
is a general decrease in e beginning after sunrise [0600 local
time (LT)] and continuing to sunset (1800 LT). At 29-m depth,
around sunset, there is rapid increase in € from daytime values
to a range of higher values that remains relatively steady until
sunrise. The day-to-night increases in median values of € are
about a factor of 10 (as are mean values of € Moum et al.
2022).

At 140°W during the highest winds, peak nighttime and
daytime values of € are slightly larger at 39 m than at 29 m
[consistent with averaged profiles of € shown by Moum et al.
(2022)]. Peak nighttime median values decrease with depth
below 39 m. The times of minimum median values of € are in-
creasingly delayed with increasing depth. Also with increasing
depth, the daytime-nighttime transition occurs over a longer
period of time and that time (quantified by the maximum
value of €, = de/dt at each depth) is delayed (Fig. 7).

5. Wind dependence of DC deepening

A sorting of the data from all ypods by 7 reveals a general
wind dependence of the magnitudes and shapes of the diur-
nally varying values of € and the timing of the day to night
transitions (Fig. 8). The data are sorted into three ranges of 7
as indicated by the figure legend. In general, wind stress in-
creases from 10° to 23°W to 140°W in such a manner that rela-
tive sorting class sizes differ by the percentages shown in
Table 3.

With decreasing wind stress, the magnitudes of nighttime
values of € decrease, the timing of the day-night transition is
delayed, and the shape of the transition is (in most cases) flat-
tened out (Fig. 8). While there is a clear diurnal signal at all
depths above 90 m at 140°W where the median depth of the
EUC core is 101 m, there is no signal below 65 m at 23°W
(median EUC core depth 70 m) and below 36 m at 10°W
(median EUC core depth 57 m).

We quantify the progression of the deepening of DC turbu-
lence shown in Fig. 8 by finding the time of the maximum rate
of increase of €, ", from each series after filtering each se-
ries at 1 h. The filtering is necessary to remove short time
scale variability that makes determination of the daily arrival
of "™ ambiguous. An example that includes 95% boot-
strapped confidence limits on the median values used for the
computation of €"** shows the depth-retarded timing of €™
(demonstrated in Fig. 7).

This analysis yields the deepening trajectories shown in
Figs. 9a—c, at the depths where an unambiguous determina-
tion of € could be made. These trajectories show the arrival
of DC turbulence to be progressively delayed at all depths
with weakening winds.

At 140°W, arrival times of €"* at the uppermost ypod
(29 m) at high, moderate, and low winds are 1730, 2100, and
2300 LT, respectively (Fig. 9; Table 4). Below this depth, DC
turbulence quantified by this metric descends at the rate of
roughly 6 m h™", at least in high and moderate wind states. In
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FIG. 8. Diurnal composites of € at the equator and (left) 140°W, (center) 23°W, (right) 10°W from xpods in the upper 90 m of the water
column. The sorting was done as described by Moum et al. (2022) and for periods when |7| > 0.075 Pa (red), 0.04 < |7| < 0.075 Pa (green),

and |7| < 0.04 Pa (blue).

the moderate wind state, €"** is not determined from this

analysis below 60 m. At the lower wind state, €"** is unde-
fined below 29 m.

Arrival times of € at 30-m depth are also progressively
delayed with weakening winds at 23° and 10°W and arrive at
roughly the same local time as at 140°W (Table 4). Descent
rates at 10° and 23°W are roughly comparable to our 6 m h ™!
metric from 140°W (Fig. 9). Below 36 m at both 10° and 23°W
the descent of the DC turbulence is undetectable.

TABLE 3. Wind stress statistics at the equator and 140°, 23°,
and 10°W. Listed are percentage of times that daily averaged
values of wind stress magnitude 7 lies within the bounds
indicated.

Location || < 0.04 Pa 0.04 < |1 < 0.075 Pa |7 > 0.075 Pa
10°W 39% 54% 7%
23°W 35% 50% 15%
140°W 25% 46% 29%
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6. Discussion

a. Role of diurnal warm layer in delaying DC
turbulence descent

It is instructive to review independent studies at two of the
sites examined here (0°, 140°W and 0°, 23°W). Detailed ship-
board profiling measurements in 2008 at 0°, 140°W (Moum
et al. 2009) included velocity to within 8 m of the sea surface.
From a subset of these measurements Smyth et al. (2013) pro-
duced a diurnal composite that showed the descent of a highly
sheared layer downward into the depth range of marginal in-
stability between the MLD and EUC core depth (reproduced
here in Fig. 1). The arrival of this layer coincided with the initia-
tion of DC turbulence beneath the MLD as indicated by inde-
pendent profiling measurements of e. The diurnal composite
showed the shear/mixing layer descending at a rate of roughly
6 mh™?, arriving at 30-m depth at about 1800 LT.

Using data from a downward-oriented acoustic Doppler
current meter deployed on the PIRATA mooring at
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FIG. 9. Descent rates of DC turbulence at (a) 0°, 140°W; (b) 0°,
23°W; and (c) 0°, 10°W. The solid lines represent the trajectories of
maximum temporal gradients of €, €"*, in Fig. 8. The EUC depth
ranges from Fig. 2 are shown in blue. The trajectory of the red line
in (a) follows the black dots in Fig. 7. For reference, a nominal de-
scent rate of 6 m h™' is indicated by the solid line. Uncertainties in
timing the arrival of €™ at each depth are estimated as the filter
length used to smooth the composite medians (1 h). Over a 30-m
vertical span, this results in the range [4.5, 9] m h™" as indicated by
dashed lines, labeled in (c). Further sorting of the data by higher
and lower values of N? are shown by the darker and lighter thin
lines/symbols, respectively, and as indicated in (b).

0°, 23°W, Wenegrat and McPhaden (2015) showed a
similar descending shear layer. In that case, the mixed
layer arrived at 20-m depth at roughly 1800 LT (their
Fig. 5e).
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TABLE 4. Arrival times (local time) of € at 30-m depth and
0°, 140°W; 0°, 23°W; and 0°, 10°W to the nearest 0.5 h derived
from Fig. 9. In the case of 0°, 10°W, the arrival times are
interpolated from the detectable end points at 21 and 35 m (Fig. 9c).

Location |7] > 0.075 Pa 0.04 < |7] < 0.075 Pa |7 < 0.04 Pa
10°W 1830 2000 2200
23°W 1800 2000 2300
140°W 1730 2000 2300

In both of these cases a thin layer initially formed near the
surface following the peak in stabilizing solar radiation and
above a weakly sheared layer created by the previous night’s
convectively driven mixing. In both cases, the shear layer was
stratified and Ri =< 1/4 or equivalently, in the case of Wenegrat
and McPhaden (2015), the reduced shear Sh®> — 4N* > 0.
Note that both the Smyth et al. (2013) and Wenegrat and
McPhaden (2015) results are short records with wind stress
values in our high wind category.

These two depictions of the penetration of the shear layer
from the surface into the DC layer below are roughly consis-
tent with results discussed here. The arrival times of the shear
layers and initiation of DC turbulence at depth are close to
those in Table 4. In addition, descent rate estimates at all
three sites range from about 4.5to 9mh ™.

We hypothesize that the daily stratified shear layer is created
near the surface by buoyancy (heat) input by the daily solar cy-
cle and understood as the ocean’s diurnal warm layer (Price
et al. 1986; Sutherland et al. 2016; Moulin et al. 2018; Shcher-
bina et al. 2019; Hughes et al. 2020a). From upward profiling
turbulence measurements in the subtropical Atlantic (26°N),
Sutherland et al. (2016) showed a diurnal warm layer composite
indicating a descent rate of about 2 m h™!. Using measurements
from a towed, surface-following platform (SurfOtter) in the
tropical western Pacific for several days with varying wind
stress, Hughes et al. (2020b) showed a wind dependence on the
deepening of the diurnal warm layer. From ranges roughly com-
parable to those of wind stress in Table 3, they indicated de-
scent rates of the diurnal warm layer of 0.3 m h™! at low winds,
1 m h™! at moderate winds, and up to 4 m h™! at the higher
wind speed. Both of these experiments were made away from
the equator. In these cases, the descending diurnal warm layer
ultimately mixed into the nighttime convective mixed layer
driven by surface cooling.

We suspect that the wind-dependent descent of the diurnal
warm layer indicated by Hughes et al. (2020b) determines the
successive 2-3-h lags in arrivals of DC turbulence with succes-
sively weakening winds as indicated in Table 4. We note that
projecting the 30-m arrival of the shear layer at 1800 LT (in
the higher wind case) back to the surface at 6 m h™ ' intersects
the surface at 1300 LT, close to observed departures of the di-
urnal warm layer from the surface suggesting rapid diurnal
warm layer descent at the higher wind speeds. Since the nomi-
nal descent rates are not much different from 6 m h™' below
the upper xpods at all wind speeds, in our scenario the delayed
arrivals of the DC turbulence at lower wind speeds are consis-
tent with slower descent rates of the diurnal warm layer shear.
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b. An entrainment scaling

Perhaps we can gain some insight by considering the ob-
served descent rate of turbulence in the DC layer with refer-
ence to laboratory studies of entrainment in stratified shear
flows (Strang and Fernando 2001; Christodoulou 1986; Thorpe
1973). These studies characterize the rate of entrainment by
turbulence into a layer with velocity difference U by an en-
trainment velocity u, via an entrainment coefficient £ = u,/6U
that is related to a bulk or gradient version of Richardson
number, the latter of which is equivalent to our estimate Ri
[Ri, in the terminology of Strang and Fernando (2001)].

Suppose we estimate 8U as the velocity difference across a tur-
bulent overturn with length scale given by the Ozmidov scale
L,= Ve/N3 (Ozmidov 1965; Gargett 1984). This length scale
represents the upper limit on turbulent overturns dictated by
buoyancy suppression. In this case, SU = L,Sh (Fig. 1i). Then

12
u, = L,ShE = (%) ShE. (4)
As the sheared and turbulent layer deepens to 25 m in Fig. 1
the combined effects of increased Sh?, N2, and € result in an in-
creased L,Sh from about 0.01 to more than 0.05 m s~ ' (Fig. 1i).
Before the arrival of the high values of L,Sh, Ri is significantly
larger than 0.1. After arrival, Ri is close to 0.1. For values of
Ri = 0.1, E was found to be [0.02-0.04] (Christodoulou 1986),
or 0.024 (Strang and Fernando 2001). For values of Ri > 0.1,
E is inversely and strongly dependent on Ri and is smaller by at
least a factor of 3 (Strang and Fernando 2001, their Fig. 7). Con-
sequently, u, increases from significantly less than 0.5 m h™! to
a value in the range of 47 m h™'. Over an 8-h interval, the
lower implied descent rate would be barely noticeable. The
larger rate is comparable to what we have inferred from our
field measurements.

Independently, Thorpe (1973, p. 110) measured an entrain-
ment coefficient of 0.05 £ 0.01 using a tilted tube apparatus,
suggesting u, ~ 9 m h™! during the descent of the sheared
and turbulent DC layer.

In summary, laboratory experiments on entrainment in
stratified shear flows are (i) consistent with reduced descent
rates of shear and turbulence in the DC layer prior to arrival
of diurnal warm layer shear and (ii) comparable in magnitude
to observed nighttime DC layer descent rates (or entrainment
speeds) of 6 m h™!. This is despite the large disparity in Rey-
nolds numbers between ocean and laboratory. We also note
mixing parameterizations that predict descent rates that are
1/ (in a comparison of LES and KPP; Large and Gent 1999,
their Figs. 4 and 5) and 2 times that (using LES; Pham et al.
2013, their Fig. 1) of the descent rates we have observed, al-
though more recent LES results indicate values closer to these
observations (Pham et al. 2017, their Fig. 8).

¢. A day-to-day perspective from profiling experiments

The trajectories shown in Fig. 9 were defined from a total
of 5800 days of data at our three sites at the depths occupied
by xpods. They indicate a relatively consistent descent rate as
defined by the statistics of the entirety of the data at each site.
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Sorted by wind stress, they show a delay in the arrival of DC
turbulence with weakening winds but no difference in descent
rate. The 8-day averaged diurnal composite of Fig. 1 shows
with considerably more vertical detail the deepening of shear,
stratification and e layers that follow the green 6 m h™' trajec-
tory lines.

A more direct look at the behavior during individual days
comes from shipboard profiling experiments at 0°, 140°W in
1984 (Figs. 10a,b; Moum et al. 1989), 1991 (Figs. 10c—f; Lien et al.
1995), and 2008 (Figs. 10g,h; Moum et al. 2009). Trajectories of
descent rates of 6 (4.5, 9) m h™! are indicated for guidance.
These trajectories all pass through 30-m depth at 2000 LT, coin-
cident with the arrival of DC turbulence at that depth during
moderate winds from our xpod analysis (Table 4).

Various manifestations of the development of the DC layer ap-
pear in Fig. 10. The periods 29-30 November and 7-11 December
in Fig. 10f represent moderate winds, and the appearance of DC
turbulence neatly aligns with our 6 m h™! trajectories intersecting
2000 LT. During periods of higher winds (i.e., 24-30 October in
Fig. 10h) the DC turbulence appears earlier than the indicated
trajectories. During periods of lower winds (i.e., 21 November in
Fig. 10b and 6 and 12-13 November in Fig. 10d) the arrival of the
DC turbulence is retarded.

The individual daily examples in Fig. 10 also show that descent
rates are generally more sporadic than suggested by Fig. 9. For
example, DC turbulence descends at a rate close to 3 m h™! on
21 November in Fig. 10b and close to 12 m h™! on 1 December in
Fig. 10f. Occurrences of bursts of energetic turbulence in the DC
layer (Smyth et al. 2017) separated by periods of weak turbulence
are common and not very consistent with a cleanly delineated
transition to DC turbulence.

d. Uncertainty

The analysis in the appendix targets several uncertainties
that apply to the proxies e€p and ep;. These are

(i) application of proxies based on 1-day-averaged data to
10-day averages,

(i) measurement of Sh®> in the DC layer from moored

ADCPs, and

our estimation of N* by gridding relatively sparse meas-

urements of 7 and S to 5-m vertical spacing.

(iif)

We address potential uncertainty in our results relative to
each of these in turn.

We have used 10-day averages in section 3 because wind
stress variations are dominated by time scales of more than
several days (indicated by frequency spectra in Farrar and
Durland 2012). Our comparisons in Fig. Al suggests that ran-
dom variability is certainly reduced in 10-day averages of 4N?,
Sh? data pairs but there is no significant bias between 1-day
(too short to include significant wind stress variability) and
10-day averages.

Our comparison of Sh? is derived from ADCP measure-
ments at hourly intervals from the TAO mooring at 0°, 140°W
(as described in section 2) and nearby shipboard profiling
with greater fidelity in both depth and time. This comparison
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indicates no bias in moored measurements of Sh® averaged

estimate of N? obtained by gridding relatively sparse meas-
over 30-80 m, roughly the DC layer, at 140°W (Fig. A1b).

urements on the TAO mooring underestimates that from de-

The stratification estimated from the same coincident and
collocated data over the 30-80-m depth range reveals that our
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tailed in situ profiler measurements by about 30% in terms of
both mean and median values (Fig. Alc).
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The absence of bias in Sh? is reassuring as it does not con-
tribute to bias in our estimates of €p and e€p;, at least at
140°W. The notion that the shallower and thinner DC layers
at 10° and 23°W may be subject to a low bias in Sh* (based on
Fig. A1) would indicate that the highest values there (Fig. 3)
are yet higher. In turn, this also applies to the high values of
epy at these two sites (Fig. 5). This suggests at least a reap-
praisal of the coefficients determined by Smyth et al. (2021)
based solely on data from 140°W.

Since N? does not appear in ep and ep, they are not directly
affected. However, if the low bias in N*> we have found at
140°W applies also to 10°W and/or 23°W, then an additional
adjustment to increase Sh? is necessary so that 4N?, Sh? data
pairs align with Ri = 1/4. At this stage of our understanding,
there is not really a reason to expect that these data should
align with Ri = 1/4, and the flows may have fundamental dif-
ferences. More complete and detailed measurements in the
Atlantic cold tongue are in order.

7. Conclusions

We have examined several years of moored turbulence re-
cords from our three sites in the equatorial cold tongues of
Atlantic and Pacific Oceans. These records yield new insights
into proxy estimates for the DC turbulence that is, so far as
we know, unique to the cold tongues. They also reveal previ-
ously unknown wind dependencies that govern the timing and
structure of the DC turbulence. Significant commonalities ex-
ist between the three sites despite considerable differences in
magnitudes and variability of winds, current shear and turbu-
lence (Table 1, Figs. 3 and 5). Deployment mean values of €
are nearly identical at 30-m depth at all sites (Moum et al.
2022). At the uppermost ypods, the ensemble of measure-
ments clearly shows the diurnal signals symptomatic of DC
turbulence (Fig. 8). There are roughly factors of 10 differ-
ences between day/night mean and median values of € at
these upper xpods at all three sites (Moum et al. 2022).

Transitions from daytime to nighttime mixing regimes are
strongly dependent on 7 (Fig. 8). In particular, (i) at all depths, e
increases with increasing 7, and (ii) day/night mixing transitions
are delayed with decreasing 7, presumably due to the slowed de-
scent rate of the diurnal warm layer with decreasing 7 (Hughes
et al. 2020b). DC turbulence descends at rates of approximately
6 mh™!, independent of 7 (Fig. 9), and faster than previously ob-
served descent rates of the diurnal warm layer.

Variations in r and DC layer Sh? are clearly linked to varia-
tions in the magnitude of € in the DC layer, as suggested by
the correlative link to ep, a matter recently investigated using
large eddy simulations and data from shipboard profiling
measurements in 1991 (Whitt et al. 2022, who compared di-
rectly with buoyancy flux rather than €). At least in the Pa-
cific,  and DC layer Sh? are not independent, since wind
stress accelerates the DC layer current shear as part of the
positive Bjerknes feedback (Bjerknes 1969). But this occurs
on time scales longer than diurnal. In the Atlantic, longer
than diurnal time scale variations in shear seem to be more
closely linked to a seasonal wave response associated with res-
onant basin modes. Such a resonance that is forced by the

Brought to you by OREGON STATE UNIVERSITY | Unauthenticated | Downloaded 02/04/25 11:18 PM UTC

MOUM ET AL.

1991

basinwide wind stress field results in an upward and down-
ward movement of the DC layer with shallowest EUC core in
boreal spring and deepest EUC core in boreal autumn
(Brandt et al. 2016). At the diurnal time scale, the progres-
sively retarded deepening at progressively lower values of T
contributes to lower values of DC € not only because DC val-
ues of € are smaller at low winds but also because DC turbu-
lence is initiated later in the day and persists for a shorter
period of time, thereby reducing mean values.

The prediction of the descent rate of the DC layer into al-
ready turbulent fluid below is based on laboratory experi-
ments intended to represent the deepening of the surface
mixed layer. In these experiments, a mixed layer descends by
entrainment of dense fluid below (thereby increasing mixed
layer density), descending into nonturbulent fluid. Despite
the differences in conditions between laboratory and field ex-
periments as well as the different scaling employed herein to
arrive at our estimate of u,, the result is quantitative agree-
ment. In turn, this points to an improved understanding of the
physics of DC layer turbulence.

Certainly, further study is needed to modify proxy estimates
of € for general use in regions of significant wind vector—shear
vector misalignment. Also, perhaps there is a need for more
intensive and detailed studies in the Atlantic Ocean’s cold
tongue to evaluate potential and fundamental differences in
the nature of the instabilities leading to DC turbulence there
in comparison with what we have learned from detailed
shipboard measurements in the Pacific Ocean’s.

Acknowledgments. The measurements described were
funded by the National Science Foundation (Grants 1256620,
1431518, and 2048631). The participation of author W. D.
Smyth was funded by NSF Grant OCE-1851520. We acknowl-
edge the efforts of M. Neeley-Brown, R. Kreth, A. Perlin, M.
Borgerson, C. Van Appledorn, P. Vutukur, J. Logan, and K.
Latham in building, testing, and calibrating ypods. We are
grateful for the helpful comments of Emily Shroyer on an early
draft, for the assistance of NOAA’s National Data Buoy Center
who deploy and recover instruments on the TAO/TRITON ar-
ray, and to NOAA’s Pacific Marine Environmental Laboratory
who coordinate shipments including our ypods to IRD (France)
for deployment and recovery of the instruments on the PI-
RATA array. Authors P. Brandt and M. Dengler acknowledge
support from the EU H2020 program (Grants 817578 TRIAT-
LAS and 101003470 NextGEMS). The National Center for At-
mospheric Research is sponsored by the National Science
Foundation.

Data availability statement. All moored data, including
xpod data, are available at NOAA’s Global Tropical Moored
Buoy Array (https://www.pmel.noaa.gov/gtmba/).

APPENDIX

Potential Limitations of Moored Estimates of N> and Sh?

Our comparisons of 4N? and Sh? in Fig. 4 suggest funda-
mental differences in the nature of the conditions affecting
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stability (relative to Ri) between Atlantic and Pacific equa-
torial DC layers. In terms of our parameterizations ep and
€p1, we might be concerned that moored estimates of Sh?
might be biased low, at least at 10° and 23°W. An addi-
tional concern is that Smyth et al. (2021) applied ep to daily
averages of T and Sh? whereas we have used 10 days as our
basis with the justification that wind stress variations are
dominated by at least many-day time scales (Farrar and
Durland 2012). Here we look more closely at the nature of
the relationship between 4N* and Sh? at our three sites and
attempt to address these concerns.

In Fig. Al, we isolate the 4N* and Sh? comparisons at
the three sites and compare daily and 10-day averages. At
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140°W 4N?, Sh? data pairs roughly scatter about the critical
value of Ri = 1/4, and 10-day averages cluster more closely
to the Ri = /4 line (Figs. Ala,b). Measurements from 23°
and 10°W tend toward larger values of both Sh? and N?. At
both Atlantic sites, data pairs fall below the Ri = 1/4 metric, in-
dicating a greater tendency for stable flow conditions, more so
at 10°W. In detail, data pairs at 140°W with values <107> s>
also appear to tend below the Ri = 1/; line (Fig. Ala). Distri-
butions of reduced squared shear Sh®> — 4N? at the three sites
(Figs. Alb,d,f) emphasize the main distinction.

Is it possible that our processing of the moored data (see
section 2) produces biases in Sh? or N*? We address this by
comparing data from the 0°, 140°W TAO mooring with
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FIG. A2. Comparison of hourly-averaged estimates of 4N* and Sh* computed over the depth interval 30-80 m at (°,
140°W during the period of a shipboard experiment 14 Oct-08 Nov 2008: (a) 4N? vs Sh%. TAO estimates from 150-kHz
ADCP on the nearby subsurface mooring are shown in black. Shipboard measurements in red were made using a hull-
mounted 300-kHz ADCP at 2-m range bins. Initial 5-s averages were then averaged to 1 h for comparison. Red values of
N? were computed from Chameleon profiles at profiling rates of 8-10 profiles per hour. (b) Histograms of Sh* from TAO
(black) and ship (red). (c) Histograms of 4N?. (d) Histograms of reduced squared shear Sh> — 4N2. In (b) and (c), dia-
monds represent mean values and crosses median values. The apparent absence of a red diamond/cross in (b) indicates
that both mean and median values of moored and ship measurements of Sh? are nearly identical.

detailed shipboard measurements over 15 days in October/
November 2008 (Moum et al. 2009). These datasets are sepa-
rated laterally by 1-9 km as the ship maintained a position
nearby the TAO mooring while profiling from the stern. The
shipboard data consist of high-resolution profiling of tempera-
ture and salinity to determine N? and a 300-kHz hull-mounted
ADCP sampled at 2-m range bins and 5-s multi-ping averages,
further averaged to 1 h for comparison. We directly compare
Sh? and 4N? at hourly intervals over the depth range 30-80 m
(Fig. A2). We do not believe that these data should agree on
a 1-1 basis and compare them on a statistical basis. Mean and
median values of Sh? are identical to the extent that symbols
denoting these values in Fig. A2b are indistinguishable. How-
ever, mean and median values of 4N? obtained from detailed
profiling are greater by 30% than those obtained from the
relatively sparsely instrumented mooring (Fig. A2c). This
bias in N? tends to move the scatterplot of the TAO moor-
ing data above the Ri = 1/4 line in Fig. A2a and to the right
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in Fig. A2d. Equivalently, in both cases this suggests a
greater tendency toward instability.

We have greater confidence in the shipboard profiling
measurements and conclude from Fig. A2 that our analysis
of the data on the TAO surface mooring yields an underes-
timate of N
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