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ABSTRACT

Microstructure observations of the upper ocean in the subtropical Atlantic
are obtained with the Air-Sea Interaction Profiler (ASIP), an autonomous up-
wardly rising profiler designed to observe the ocean surface boundary layer
(OSBL). Under conditions of relatively low winds and high solar insolation,
the turbulent dissipation rate (€) in the upper few metres is observed to in-
crease during daytime restratification. This enhanced € is associated with the
diurnal jet, which forms during the day due to the wind stress input being
restricted to the shallow reformed OSBL. The high shear layer is associated
with the active mixing layer depth (XLD), which reforms in the early morning
about 3 hours before a density based mixed layer depth (MLD), causing the
generation of shear instabilities. The diurnal jet is simulated using a damped
slab model with observed values of the wind stress input as well as the time
varying OSBL depth. The model shows the diurnal jet to generate shear in-
stabilities for relatively small wind speeds with these instabilities occurring

within a couple of hours after OSBL reformation.
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1. Introduction

Many processes in the ocean surface boundary layer (OSBL) vary with the diurnal forcing of
daily heating and nightly cooling, with this response being more pronounced at lower latitudes
where high levels of solar insolation are a dominant feature. The most notable of these cycles
is the diurnal variability of sea surface temperature (SST) which has long been observed and
relatively well studied (e.g. Ward 2006). Under conditions of low winds and high solar radiation,
the diurnal variability of SST has been shown to be an important component to the air-sea fluxes
on climatological timescales in subtropical regions (Bernie et al. 2005; Kawai and Wada 2007,
Clayson and Bogdanoff 2013). In addition to SST, diurnal variability has also been observed in
sea surface salinity (Drushka et al. 2014; Asher et al. 2014), momentum and shear (Weller and
Plueddemann 1996; Plueddemann and Weller 1999; Cronin and Kessler 2009; Weller et al. 2014)
and biogeochemical tracers such as dissolved oxygen and chlorophyll (Nicholson et al. 2015). In
comparison, the diurnal variability of turbulence has received far less attention although it is a key
physical component the OSBL.

The primary mechanism for turbulence generation in the OSBL is the wind, either directly
through the wind stress at the ocean surface or indirectly through waves (e.g. Sutherland et al.
2013; D’ Asaro 2014). The wind variability over the open ocean is expected to be primarily occur-
ring on synoptic time scales and is not expected to greatly impact diurnal variability in turbulence.
In addition to the wind forcing, a buoyancy flux due to the daily cycle of heating/cooling between
the atmosphere and ocean acts to enhance/restrict turbulence in the OSBL. These buoyancy fluxes
have a large diurnal signal in subtropical regions.

Increased stratification has a tendency to restrict turbulent motions as they quickly dampen due

to the restoring force of gravity. This damping effect has been observed in the OSBL during
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restratification with a decrease in the dissipation rate of turbulent kinetic energy (€) of an order of
magnitude or more compared to wind scaling (Brainerd and Gregg 1993; Vagle et al. 2012). The
increased stratification also acts to limit the vertical transport of the wind stress input which acts to
enhance near surface shear (Cronin and Kessler 2009). This phenomenon has been referred to as a
diurnal jet (Price et al. 1986) or slippery seas (Woods and Strass 1986; Kudryavtsev and Soloviev
1990) where the observed daytime currents are greater than expected for a shear layer adjacent to a
solid boundary. Diurnal jets have been observed in regions with high insolation and typically form
in the upper few metres with velocities ¢(10 cm s~!) (Price et al. 1986; Callaghan et al. 2014).
This paper aims to address the near surface turbulent processes which are impacted by diurnal
restratification in the OSBL. Section 2 provides an overview of diurnal processes in the OSBL.
Data and methods are presented in section 3. The diurnal structure of the observations are investi-
gated by using a composite day, which is calculated by phase averaging the forcing and response as
a function of the local time of day in section 4. Section 5 presents observations of the near surface
velocity structure and explores possible generation mechanisms for the diurnal jet and near-inertial

waves in the OSBL. A summary and discussion of the results are presented in section 6.

2. Overview of OSBL dynamics

The diurnal evolution of the OSBL follows the varying buoyancy flux between solar heating
during the day and surface cooling during the night. A schematic of this diurnal cycle is depicted
in Fig. 1. The general cycle has been described in some detail previously (e.g. Lombardo and
Gregg 1989; Callaghan et al. 2014).

An important length scale in the OSBL dynamics is the Monin-Obukhov length (Large et al.
1994), which has traditionally been used as a stability parameter for boundary layers. The Monin-

Obukhov length (L) is the approximate depth where wind forcing balances the buoyancy produc-
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tion,

L=——*, (1)

where u, is the friction velocity, By is the surface buoyancy fluxdn constant and x is the von
Karman constant and is equal to 0.4. The Monin-Obukhov length underpins similarity theory,
which assumes that OSBL dynamics can be written as universal functions of the stability parameter
H/L, where H is the OSBL depth. This length scale has been very effective in unstable regimes
where nighttime cooling acts to destabilize the water column and enhance turbulence (Shay and
Gregg 1986; Lombardo and Gregg 1989), with slight modifications such as non-local forcing due
to the buoyancy flux being applied only at the surface (Large et al. 1994), and enhanced mixing
due to surface gravity waves (Belcher et al. 2012; Sutherland et al. 2014a; Callaghan et al. 2014).

Similarity theory is not as effective during diurnal restratification when By is stabilizing. Short-
wave radiation can penetrate tens of metres, which is much greater than the OSBL depth during
restratification, and By leads to an overestimate of the buoyancy production and hence underesti-
mates L. It is expected that only the shortwave radiation absorbed in the mixed layer will contribute
to stability, although this depth could be shallower (Large et al. 1994). For shallow mixed layers
this requires accurate information about the attenuation of shortwave radiation in the upper ocean.

Under moderate to low winds (1) may also underestimate the OSBL depth if there is enhanced
turbulence arising from shear instabilities generated by the trapping of near surface momentum
due to stratification. Enhanced shear has been shown to generate in the morning in the absence
of cyclic behaviour in the wind stress (Smyth et al. 2013), suggestive of a buoyancy generated

phenomenon.
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3. Data and Methods

Observations in the OSBL were obtained during the SubTRopical Atlantic Surface Salinity Ex-
periment (STRASSE) aboard the N/O Thalassa (Reverdin et al. 2015). This experiment took place
during August and September 2012 as part of the larger Salinity Processes in the Upper Ocean Re-
gional Study (SPURS) project. The location of the experiment is shown in Fig. 2. The latitude of

the experiment site is about 25.6°N, which corresponds to an inertial period of 27.7 hours.

a. Meteorological Observations

Radiative fluxes and wind speed measurements were recorded aboard the N/O Thalassa. The
wind stress and buoyancy flux were calculated using the TOGA COARE 3.0 algorithm (Fairall
et al. 2003). Figure 3a shows the 10-metre wind speed U, direction Upjr and surface buoyancy
flux By. The wind speed varied over a range from 2-10 m s~! with directions ranging between
predominantly from the north to easterly. The surface buoyancy flux (By) followed a typical pattern

of surface cooling at night and heating during the day.

b. Wave and Current Observations

Observations of surface gravity waves and velocity profiles were made with a cloverleaf buoy
(Trefle) equipped with a downward-facing RDI 300 kHz ADCP, an xSens MTI-G GPS / motion
sensor package, and a Nortek Vector velocimeter. The buoy was tethered to a 50 m-drogued SVP
drifter in order to reduce its windage-induced drift. A custom data logger performed collection
and consistent time stamping of the three data streams. The ADCP profiled from 3.5 to 103.5 m
with a 1 m depth resolution, and an effective range of roughly 75 m.

Wave motions were quantified using the xSens MTI-G GPS motion sensor package, which con-

sists of a GPS and a 6 degrees of freedom inertial motion unit (IMU) sampled at 10 Hz. The GPS
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and IMU comprise an Attitude Heading Reference System (AHRS) which uses a Kalman filter to
combine the inertial motions and GPS coordinates.

The vertical motion was subsequently band pass filtered using a fourth order Chebyshev type 11
filter with a 40 dB stop band ripple and cutoff frequencies 0.025 Hz and 3 Hz, applied forwards
and then backwards to eliminate phase delay, resulting in an eighth order, 80 dB ripple filter. Wave
spectra were calculated every 30 minutes from the AHRS heave. The calculated significant wave
height Hy, peak period T, and zero up-crossing period 7 are shown in Fig. 3b.

The surface Stokes velocity was calculated from the 1-D wave spectra (Kenyon 1969) as

50 = 16(7”3 ff £s(f)df @)
where S(f) is the 1-D wave spectrum and f,,;; and f,,, are the cut-off frequencies chosen as
0.05 and 0.50 Hz respectively. There are two opposing uncertainties with calculating the Stokes
velocity from a 1-D wave spectra using a finite frequency range: the lack of a measured high
frequency spectral tail and the lack of the directional spreading of the wave energy. The former
will lead to a systematic underestimate of uo up to 30% (Rascle et al. 2006), with the exact amount
dependent on the slope of the spectral tail, while the latter leads to a systematic overestimate
of usy up to 30%, (Webb and Fox-Kemper 2011) dependent on the directional spread of wave
energy. Lacking measurements of both the high frequency component of the wave spectrum and
directional information, we assume that the two should approximately cancel each other. Note
that these assumptions could lead to a maximum uncertainty in uyy of 30%, but that the true error
i1s most likely much less. This band pass filter approach is identical to that used by Gargett and
Grosch (2014) and Sutherland et al. (2014a), and has been found to be a good determinate for the

surface Stokes velocity.
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The surface Stokes velocity is used in conjunction with the friction velocity u, = \/’L'/_p to calcu-
late the turbulent Langmuir number La = \/m, which is often used as a proxy for turbulence
associated with Langmuir circulations (McWilliams et al. 1997). Here 7 is the wind stress and p
is the density of sea water. Figure 3c shows values for uy, u,. and La. Langmuir circulations are
expected for La < 0.3 (McWilliams et al. 1997), which is not fulfilled during our observations. We
therefore assume Langmuir circulations to not be a dominant mechanism in our observations.

Near surface velocity measurements are presented relative to a reference depth of 40 m located
just below the seasonal mixed layer. Figure 4 shows the mean currents at 40 m along with the
velocity anomalies relative to this current. Inertial oscillations dominate the velocity variability in
the OSBL. Enhanced near surface shear is seen to form every day, consistent with the diurnal jet

phenomenon described by Price et al. (1986).

c. Microstructure Measurements

Measurements of the turbulent dissipation rate, temperature and salinity were obtained with
ASIP. A total of 347 profiles from 40 metres depth were made over 5 ASIP deployments with each
deployment ranging from 24 to 48 hours in duration with the exception of the fifth deployment
which was only 10 hours. The time between successive profiles for each deployment was about
20 minutes.

The time-depth evolution of temperature, T, and buoyancy frequency, N2, is shown in Fig. 5.
The density ratio in the OSBL, defined by R, = oT;/BS;, where & and 8 are the thermal expan-
sion coefficient and the saline contraction coefficient respectively and 7, and S, are the vertical
gradients of temperature and salinity respectively, is typically greater than 2 indicative of tempera-
ture controlled stratification. In addition, the conductivity signal, from which salinity is calculated,

in the upper metre is sometimes contaminated from the impact of near-surface detritus striking the
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conductivity probe, which acts to increase the noise in the measured salinity. Therefore, only the
contribution from 7} is used to calculate N2 in the OSBL.

Dissipation rates of turbulent kinetic energy, €, were measured using two airfoil shear probes
mounted on the front of ASIP (Sutherland et al. 2013). Assuming isotropic turbulence allows €
to be calculated using € = 7.5v <u;2>, where V is the kinematic viscosity and ug is the turbulent
vertical shear. The turbulent vertical shear u/ was sampled at 1000 Hz and vertical profiles were
divided into 1 second segments where the power spectral density was calculated using Welch’s
method. The mean rise velocity of ASIP is 0.5 m s~! thus giving a vertical resolution of 0.5 m.
Details of the processing algorithm for € can be found in Ward et al. (2014). Figure 5¢ shows the
measured turbulent dissipation rate for the five deployments.

In addition, Fig. 5d shows € normalized by

3

€0 = a—x 3)
K|z|

Equation (3) is the expected dissipation profile for a constant stress layer adjacent to a rigid bound-
ary. The constant a is chosen such that mean profiles of €/¢&j are on average equal to 1, which for
this data set corresponds to a = 0.4. Although there are expected to be deviations in the vertical
structure of € relative to & (e.g. Terray et al. 1996), for the bulk of the OSBL it has been shown
that € =~ &y (Sutherland et al. 2013; Callaghan et al. 2014). Deviations from (3) are expected to
arrive from wave effects, such as wave breaking and Langmuir circulations, but such effects are
ignored here since La is typically greater than the expected threshold of 0.3 for Langmuir circu-
lations to develop (McWilliams et al. 1997). In this data set, enhanced dissipation in the wave
affected region is not expected to be a function of the local time of day as the wave field varies on

much slower time scales (see Fig. 3).
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When the surface buoyancy forcing is destabilizing, there is a depth-independent enhancement
of € proportional to By (Lombardo and Gregg 1989; Callaghan et al. 2014) which is omitted in (3).
Rather than introduce another empirical constant for the convective contribution to &, this term is
omitted as it will be much less than & in the near surface region. Neglecting the buoyancy term
leads to € > gy during the night at depths where € is comparable to By, generally greater than 10
m, as can be seen in Fig. 5d.

The mixed layer depth, MLD, is calculated using two temperature thresholds, the accepted value
of 0.2°C (Kara et al. 2000; de Boyer Montégut et al. 2004) and a smaller threshold of 0.1°C which
may be more applicable to variations observed over a diurnal cycle. These two MLDs will be de-
noted MLDg , and MLDy ; for each threshold used. Both MLD definitions are calculated relative
to the temperature at z, = 0.5 m. The MLDs over the five ASIP deployments are shown by the
grey lines in Fig. 5. The active mixing layer depth, XLD, is defined as the depth where € decreases

2573 This threshold was found to be optimal for buoyancy driven

to a background level of 107" m
conditions (Sutherland et al. 2014b) and consistent within an order of magnitude with previous
definitions for the XLD (Lozovatsky et al. 2006; Fer and Sundfjord 2007). Differences between
the MLD and XLD have been shown to be important in resolving observations of € with surface
forcing (Brainerd and Gregg 1995; Stevens et al. 2011; Sutherland et al. 2014a). The XLD is
shown by the black line in Fig. 5.

Mean values for the day and night profiles of €/&p, temperature, and current speed is shown in
Figure 6. The mean day profile is defined as the mean from 13:00-16:00 local mean time (LMT)
and the night as the mean between 01:00-04:00 LMT. Local mean time is calculated such that

noon coincides with the peak solar altitude. During the night, similarity theory appears to hold as

€/&y = 1, while during the day there are large deviations from this. The near surface ratio €/& is

11
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greater during the day than at night. This enhancement occurs over the upper 5 metres and appears

to be associated with the near surface increase in current (Fig. 6¢).

4. Composite Day

Due to the slow variation in the wind and wave fields it is convenient to phase average the forcing
and response components as functions of the LMT to create a single composite day. This allows
for a detailed analysis of the mean response of the ocean to diurnal forcing while filtering out
processes which are expected to be more stochastic, such as the waves and wind. This method has
been shown to be a useful technique in regions with strong buoyancy forcing (Smyth et al. 2013;
Drushka et al. 2014; Sutherland et al. 2014b).

Figure 7 shows the composite day for the surface forcing and ocean parameters. The phase av-
eraging is performed for hourly bins, with depths averaged over 1 metre bins. The phase averaged
surface buoyancy flux By and wind speed Ujg are shown in Fig. 7a. The diurnal structure of the
surface buoyancy flux varies little over the observed period. Although the wind speed varies from
2to 10 m s~ ! over all the deployments, there is no distinct diurnal structure to the variability with
the phase averaged wind speed equal to 5.8 & 0.6 m s~! over the day (Fig. 7a).

The near surface stratification, (N2, Fig. 7b), and shear squared (S2, Fig. 7c), both show an
increase at about 09:00 LMT, with N? lagging S? by a few hours. Both N? and S? reach near
surface maxima at about 14:00 LMT at which point the shear and stratification descend to greater
depths. In the afternoon as the depth of the OSBL increases, the magnitude of N and S both
decrease.

As an indicator for shear stability, the gradient Richardson number is calculated,

NZ

Rl:?’

“4)
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where N2 and $? are composite day values, similar to Smyth et al. (2013). When Ri falls below
a critical value, typically assumed to be 0.25, the flow is expected to become unstable (e.g. Miles
1961). Figure 7d shows the logarithm of Ri centred on log;;,0.25 = —0.60 such that the red values
corresponds to where shear instability is expected to develop. Figure 7 only shows Ri in stratified
regions where N> > 1073 s~!. The near surface region satisfies the criterion for shear instability
at all times during the high restratification during the day.

The turbulent dissipation rate € (Fig. 7e) and normalized €/¢&y (Fig. 7f) show the previously
observed pattern of € extending to the base of the seasonal pycnocline during the night and a rapid
reduction below 10 metres due to the increased stratification present during the day. However,
in the near surface region there is an enhancement in dissipation which begins after 12:00 LMT,
roughly 3 hours after the reforming of a shallow mixing layer, and persists for approximately 3
hours.

The MLDs and XLD, shown in Fig. 7, are calculated from the composite values of temperature
and dissipation in Fig. 7. The MLDs and XLD are approximately equal during the night while the
mixing layer with the 0.2°C threshold reforms during the day approximately 4 hours before the
reformation of the mixed layer. This time difference is reduced by nearly half using the smaller
threshold of 0.1°C, but giving an MLD much shallower than the XLD during the day. In order to
obtain comparable minimum depths between the MLD and XLD a larger AT than 0.2°C would
have to be used. It may be that the mixing time scales are insufficient to overcome the stabilizing

buoyancy flux in order to create a well mixed surface layer.

5. Diurnal Jet

Figure 9 shows the near surface velocity measured at 0.5 m depth relative to the velocity at 20 m.

The reference depth of 20 m is chosen as it is below the shallow reformed layer but safely less than

13
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the maximum OSBL depth. A clear diurnal signal is observed with the upper velocity bin showing
a diurnal pattern with a magnitude of about 0.20 m s~!. The diurnal jet in Fig. 9 demonstrates a
similar pattern with the along wind component leading the onset of the near surface shear. The
relative magnitudes of the along and cross wind components vary over the deployments with cross

wind component starting to dominate during deployments 2 and 3.

a. Damped slab model

To simulate the diurnal jet the OSBL is modelled as a damped slab (Pollard and Millard 1970;
D’ Asaro 1985; Alford 2001; Mellor 2001) forced by the observed wind stress and OSBL depth.
Modelling the OSBL as a homogeneous slab allows for the omission of complicated mixing pa-
rameterizations as this is integrated in the observed OSBL depth. Inertial currents in the upper
ocean have been relatively well reproduced with such a model (D’ Asaro 1985; Alford 2001).

Modelling the OSBL as a slab of depth H forced by a surface stress i, where 7 is real, the time

evolution of the surface current is written as

0z iT

where Z = u +iv is the vertically averaged complex current in the mixed layer, and @ = r+if is
a complex damping term where the real part comprises the linear damping coefficient r, which is
related to the decay timescale associated with free inertial oscillations, and the imaginary part f is
the Coriolis frequency. Complex notation is used for the horizontal components of the flow, with
the along-wind direction denoted by the imaginary axis and the cross-wind direction represented
by the real axis.

For constant p, @, T and H, (5) is easily solved for Z giving

2() = {1+{z«»3%§-qew}. ©6)

" poH

14
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Although H is observed to vary significantly over a diurnal cycle, for small values of 7, at the onset
of the diurnal jet, it is reasonable to assume 7 and H to be constant. Equation (6) provides some

insight into the initial generation of the diurnal jet, which will be explored in the following section.

b. No Rotation: diurnal jet generation

Assuming of < 1 and setting the initial condition Z(0) = 0, since the jet and the underlying

layer will have the same velocity at # = 0, (6) can be written as

B Tt

Z(t) pH

[1 +ﬁ(a)t)2] . 7

Equation (7) states that the diurnal jet will initially increase linearly with time in the along wind
direction and is independent of rotation and the linear damping rate.
To determine the stability of (7), the bulk Richardson number is calculated for the entire OSBL

as

_gAp H'p*  gpApH®

Ri, = =
T Hp 212 7212

; ®)

where Ap is the density difference over the OSBL depth H. Shear instability is expected to occur
when Ri;, < Ri.; where Ri,; = 0.65 (Price et al. 1986). Solving for Ri, = Rig in (8) gives an

estimate of the time that the mixed layer will remain stable, i.e.

1
_ (gpApH?\?
tCI‘_( Ricrfz ) . (9)

Figure 10 shows 7., as a function of H and 7 assuming Ap = 0.03 kg m—> (de Boyer Montégut
et al. 2004) and p = 1025 kg m—>. Equation (9) suggests that for H < 5 m, the OSBL will not be
stable for more than 1.5 hours at moderate wind speeds (7 > 0.06 N m~2, corresponding to Ujg >
6 m s~ 1. For very small wind speeds (Ujg < 2 m s71, corresponding to 7 < 0.02 N m~2), tee > 6

hours and the assumption that wt << 1 is no longer valid.

15
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With the approximate lifetime of the shallow layer determined, the magnitude of the diurnal
jet can be calculated from (7). In general, the flow does not immediately become turbulent once
Ri, < Rigr and there is a lag of 2-3 hours between Richardson number instability and the turbulence
generated by shear instabilities (Smyth et al. 2013). Substituting a time ¢ = #. + #9, where 1y is the
time after the Ri, = Ri., and the onset of flow instability, into (7), gives the magnitude of the

diurnal jet as

1
gApH\? 7T
—1y. 10
Rich) +th0 (10

Av(to) = piH (ter +10) = <
Figure 11 shows the diurnal jet Av(fg) in the T — H plane. This model predicts a diurnal jet
magnitude between 4 and 15 cm s~! for the observed & and 7 values for a range of 0 <ty < 3 hours.
For tp = 0 we have Av(0) quasi-independent of 7 similar to what Price et al. (1986) calculated.
However, (10) gives values of Av(0) close to 0.5 m s~ !, which is smaller than the observed peak

along-wind velocity of 0.10 to 0.15 m s~!. Equation (10) is consistent with observations for values

of 1y between 2 and 3 hours.

c. Rotation: inertial currents

At a latitude of 25.6° the assumption of @wr < 1 will only be valid for the first few hours.
Therefore, rotation can not be reasonably omitted over the lifetime of the diurnal jet. This is clear
from the presence of a large cross-wind velocity component to the diurnal jet as shown in Fig. 9.
The time lag of the cross-wind component to the along-wind component is consistent with near-
inertial oscillations in the OSBL. Near-inertial oscillations in the OSBL are strongly damped and
r is selected as a fraction of f, r = 0.15f, which is identical with Alford (2001). This value of r
corresponds to a decay time scale of 7.7 days at this latitude.

In the mixed layer, inertial oscillations are generated due to the temporal variability of the wind

stress input over the depth of the OSBL (Pollard and Millard 1970; D’ Asaro 1985; Alford 2001).
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Solutions for the current in the mixed layer are derived from (5) by decomposing the current into
Ekman and inertial components, i.e Z = Z; + Zg. D’ Asaro (1985) defines the Ekman component
as the solution of (5) under a steady wind and OSBL depth

T
- wpH’

(11)

E

Equation (11) is equivalent to (6), which assumed constant T and H, as t — oo such that e~ ®" — 0.

Substituting Z = Z; + Zg into (5) and using the definition (11) gives the time evolution of Z;:

(12)

dZ; i J(t/H) it 1dH 19drt
B Hot 7tot)

po Jt  pwH\H ot 710t

The body force term in (12) is equivalent to the body force in (5), but with a multiplication factor
proportional to the normalized temporal variability of H and 7. Equation(12) suggests that it is the
difference in relative variability of H and 7 which excites inertial oscillations in the mixed layer.
Therefore, in subtropical regions where H and 7 are relatively small, small variability can be a
source for relatively large inertial oscillations in the mixed layer.

Using observed values for 7 and H, (5) and (12) are utilized to determine if they can sufficiently
reproduce observed near inertial velocities of the OSBL. The variability in 7 is insufficient to
generate the observed currents (see appendix A) and thus the analysis is focused on the variation

in H.

1) VARIATION IN H: MLD vs XLD

The response of (5) is shown in Fig. 12 for three definitions of H:the XLLD and two thresholds for
the MLD. Both the MLDy» and the XLD depth give similar magnitudes as the observed diurnal
jet while MLDy | overestimates the observations. The timing of the diurnal jet, however, is poorly

reproduced by all definitions of H although the XLD performs better than the MLD. Both the
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modelled onset in the morning and the weakening in the late afternoon lag the observed near
surface velocities.

The lag in the morning appears to be related to the reformation of the OSBL depth as the XLD
produces currents which begin at nearly the same time as observations. However, currents gener-
ated by (5) persist longer into the evening than observations for all definitions of H suggestive of

missing dissipative processes in (5) rather than inaccuracies in H.

2) INCLUDING ENTRAINMENT

One process not accounted for using the damped slab model is entrainment of the remnant layer
which is cut off from the surface wind input during restratification. The current in the remnant
layer should decay as an unforced inertial oscillation while the surface layer velocity increases.
When the upper layer descends in the afternoon it mixes with the slower remnant layer, which
reduces the near surface velocity.

Adding to (5) an entrainment term to account for the deepening of H into the remnant layer

below gives

0z it (Z-Z)oH

E_sz_p_[‘[_‘_ 0 or (13)
07 .

5, TOZ=0 (14)

where Z is the complex velocity in the remnant layer. Taking 7 = O to be the onset of the OSBL
reformation so that Z(0) = Z(0) and that the maximum OSBL depth is a constant Hy, then (13)
and (14) can be solved analytically giving

iT Hy

_ -0t , “fV g —ot
Z(t)_pwHO e+ —(1—e) (15)
son 0T gy
2(t) = P (16)
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The details of (15) and (16) can be found in Appendix B. For the diurnal jet, which is the surface

layer minus the remnant layer i.e. Z(¢) — Z(t), one gets the same expression as in (7), i.e.

Z(t)—2(1) = ;% [1 +@’(wt)2}. (17)

Equation (17) implies that, at least to first order, that the diurnal jet is independent of rotation and
should be in the same direction as 7. Therefore, during the early stages after the OSBL reformation
when wt < 1, the diurnal jet will be in the along wind direction and be a linear function of ¢
assuming 7 is constant. This along wind genesis of the diurnal jet is generally observed (Fig. 9).
The solution in (15) is sensitive to the rate at which H and 7 vary so (13) is evaluated numeri-
cally using observed 7, MLDs and XLD for the depth of OSBL, as shown in Fig. 12. This model
is more consistent with observations when the OSBL depth is defined using the XLD. Defining
the OSBL depth with MLDg , leads to a large phase lag in the modelled currents relative to the
observed further enforcing the importance of accurately resolving the timing of the OSBL dynam-
ics. Although this phase lag is improved with the smaller threshold MLDy ; the magnitude of this

depth is too small and produces currents much too large.

6. Summary and discussion

High resolution observations of the OSBL from the Air-Sea Interaction Profiler (ASIP) are pre-
sented here during the STRASSE cruise in August/September 2012. Winds were predominantly
moderate to low which, along with high solar insolation, created several shallow OSBL depths that
were sampled with ASIP. In addition to resolving the temperature structure on centimetre scales,
ASIP also calculated the turbulent dissipation rate, €, with a 0.5 m vertical resolution for each

profile. Over the duration of 10 days the surface buoyancy flux followed a repeating pattern of
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cooling at night and heating during the day. This produced a typical heating and cooling cycle in
SST, and thus created high near surface shear associated with the increased daily stratification.

There were several large diurnal warming events which created enhanced stratification near
the surface and acted to drastically reduce € below the XLD. Above the XLD, enhanced levels
of € were observed which coincided with a region of increased velocity, i.e. the presence of a
diurnal jet. The expected mechanism for the enhanced € during the day is from the generation of
shear instabilities created by the large near surface shear generated during the day (Smyth et al.
2013). Observations of the gradient Richardson number are consistent with the presence of shear
instabilities, but other processes arising from a shallow OSBL depth and enhanced shear, e.g.
near surface internal wave activity (Wain et al. 2015) and Langmuir circulations (Sutherland et al.
2014a), cannot be ruled out.

A damped slab model (Pollard and Millard 1970; D’Asaro 1985; Alford 2001) was used to
simulate the near surface currents from the observed wind stress and boundary layer depths. For
time scales on the order of a few hours, such that rotation may be neglected, the analytic solution
for the stability of a diurnal jet of constant depth and wind stress was calculated. Except under
extremely low wind speeds, the shear associated with these shallow layers was expected to become
sub-critical within an hour or two. However, to reproduce observed diurnal jet magnitudes, the
shallow OSBL was not expected to become turbulent for another two to three hours after the
critical Richardson number was reached. This time lag is consistent with other observations of
shear generated instabilities (Smyth et al. 2013).

Various definitions for H were explored in this study using the active mixing layer depth (XLD)
determined from profiles of € falling to an empirical background rate (Stevens et al. 2011; Suther-
land et al. 2014b), and the mixed layer depth (MLD) determined using a standard temperature

threshold of 0.2°C difference from the near surface value (de Boyer Montégut et al. 2004) and a
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smaller threshold of 0.1°C which may be more applicable to a diurnal cycle. The XLD and MLD >
gave similar magnitudes for the diurnal jet, with that obtained with the XLD being slightly greater,
but the timing for the onset of the diurnal jet was greatly increased using the XLD definition. The
diurnal jet was overestimated using MLDg ; while still lagging the current generated with XLD.
Since the near surface shear increased linearly with time while the solar radiation increased as #>
(for small ¢) it was not too surprising that the XLLD reformed before the MLD, even for the smaller
temperature threshold. What remains unclear is the exact timing for the reformation of the OSBL
and the level of stratification necessary to decrease the constant stress layer at the onset of the
diurnal jet.

At the onset of OSBL reformation, € wasn’t entirely a product of the wind stress input as con-
vection can persist after the surface buoyancy flux changes on the order of 1 hour after sun-
rise (Callaghan et al. 2014). This suggests that even though an €-based criterion for the OSBL
definition yielded an OSBL reformation time to be 3 hours quicker than a temperature criterion, it
may still lag the true constant stress layer depth on the order of 1 hour.

Both the MLLD and XLD produce currents much larger than observations during the descent of
the shear layer in the late afternoon. The descending H is mixing with the slower remnant layer
below creating an additional source of drag. Introducing this entrainment into the momentum
equations gives an improved agreement between the observed and modelled currents. Although
including entrainment improves the timing of the diurnal jet, the magnitude is now less than what
was observed. A summary of the magnitude and timing of the near surface currents is presented in
Table 1. This underestimation of the diurnal jet most likely arises from the variability of 7 and H
from the composite day, but may also be due to the choice of r and that it may not be the same for
the surface and remnant layers. The entrainment model also assumes there is no detrainment, i.e.

dH /dt > 0, during the day. As the predominant mechanism for the shoaling of H is restratification
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and there is no momentum transfer associated with the discontinuous jump in H, this assumption
of no detrainment appears valid.

Both diurnal and inertial motions play a role in the near surface dynamics during restratification.
Since the inertial and diurnal periods are so close it has been difficult to differentiate the two
processes. It is reasonable to expect a resonance type response at latitudes close to £30° where
the inertial and diurnal frequencies are identical. This would be analogous to the inertial resonance
when 7 varies close to the Coriolis frequency f (D’Asaro 1985). However, this interplay between
the diurnal jet and inertial motions may still be greater at lower latitudes since the inertial period
is greater and the wind stress and the surface currents are aligned for a greater duration.

These observations present new insight into the complicated processes associated with stable
boundary layers. During conditions of low wind and high solar insolation an interesting feedback
mechanism occurs which acts to increase mixing relative to the wind forcing. The enhanced
stratification from the diurnal SST signal acts to limit the wind stress input to a shallow near
surface layer which becomes unstable and mixes the warm upper layer with the remnant layer
below. This process could be an important component to the air-sea transfer of momentum, heat

and trace gases in tropical regions.
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APPENDIX A
Wind variability and the inertial model of D’Asaro (1985)

Phase averaged and mean values for the wind input are tested to assess the impact of wind
variability on the inertial current response using (5). A mean latitude of 25.6°N is used for f. The
inertial model is spun up for 12 days to achieve a quasi-steady state with LMT=0. The decay rate
r is chosen to be r = 0.15f, consistent with previous studies (Alford 2001), giving a decay rate of
1/r =7.8 days. The currents are compared with the ADCP data averaged over the upper 5 metres.

Figure Al shows the response of (5) to the composite day forcing. The three columns show
the solutions to (5) for the various combinations of T and H, where H is the MLDg,. Using the
observed time varying 7 rather than a constant 7 has little impact on the modeled currents. This
suggests that the observed variability is predominantly due to the diurnal cycling of the boundary

depth H.

APPENDIX B
Derivation of entrainment solution

At the onset of OSBL reformation, the remnant layer decouples from the surface stress and is
free to propagate as a free inertial oscillation. Taking the upper layer of depth H and complex
mean velocity Z and the remnant layer of depth A and complex mean velocity Z, the momentum

equations for both layers can be written as

JdHZ it ,0H

T +wHZ = E_I_Z_at (B1)
0HZ ..  ,0H

7+(L)HZ:—ZW, (B2)

where the entrainment term Z9dH /dt assumes the momentum in the remnant layer is transferred to

the upper layer as the interface descends. Equations (B1) and (B2) ignore any interfacial friction
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between the two layers as this is expected to be much smaller in magnitude. Assuming a constant
seasonal pycnocline depth, i.e. Hy = H + H =constant, it is straightforward to derive (14) from
(B2) assuming H—0asZ—0. Adding (B1) and (B2) gives

IHZ+HZ) (HZ(;; H2) | o(Hz+02) = g. (B3)

Equation (B3) states that the transport in the whole surface layer is equal to the Ekman transport

HyZg, which is given for general T by

t (s ,

which is equal to (11) for constant T and H = H).
Equation (14) states that the remnant layer is free from the direct influence of the surface stress

and that its complex velocity evolves according to

A

Z(t) = Z(0)e ™. (B5)

The composite daily cycle is assumed to begin at the instant of OSBL reformation, which we take
as t = 0. At ¢ = 0 the remnant layer velocity equals the OSBL velocity at the end of the previous
day, hence Z (0) = Z(Tp), where Tp is the 24 hour period of the diurnal cycle. Furthermore, at
t = 0 the surface and remnant layers have the same velocity, i.e .Z(0) = Z(0). Implementing these

cyclic conditions give the solutions for the surface and remnant layers in (15) and (16) respectively.
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Magnitude and time of peak along-wind (v), cross-wind (#) and magnitude
(z) of the observed mixed layer currents relative to 40 m depth. Simulated
currents using various definitions for the OSBL depth are presented relative
to the observed value. The superscript | denotes the damped slab layer of (5)
while 2 denotes the two layer slab model of (15). .
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568 TABLE 1. Magnitude and time of peak along-wind (v), cross-wind (#) and magnitude (z) of the observed
sso  mixed layer currents relative to 40 m depth. Simulated currents using various definitions for the OSBL depth are
s presented relative to the observed value. The superscript | denotes the damped slab layer of (5) while 2 denotes

so1  the two layer slab model of (15).

max(v); time max(u); time max(z); time

Model cms L LMT  cms I;LMT  cms™!; LMT

OBS 10.4; 13:30 11.2; 18:30 13.6; 14:30
XLD! -2.1; +2:00 +0.3; +3:00 -1.8; +6:00
MLD(ll2 -1.5; +3:00 -0.8; +4:00 -2.7; +6:00

MLD};  +8.9;+4:00  +10.6;+5:00  +9.6; +6:00
XLD? -2.0; +1:00 -2.2; +1:00 -2.4; 40:00
MLD3,  -4.5;+2:00 -4.6; -1:00 -5.5; +1:00

MLD(%‘l +4.5; +6:00 +0.4; +2:00 +3.0; +5:00
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A schematic depicting the diurnal cycle of turbulence. The shaded region represents the
OSBL.

Location for the five ASIP deployments(shown in black) and three Trefle deployments
(shown in red) during late August / early September 2012. Lo

Time series of observations of (a) surface buoyancy flux By (blue), wind speed Ujq (orange)
and direction Upr (green) (b) significant wave height H, (red), peak period T}, (blue) and
zero up crossing period 7, (green) and (c) the turbulent Langmuir number La (red) as well
as the friction velocity u, (blue) and the surface Stokes drift/10 uy /10 (green).

Observations of near surface currents from each of the three Trefle deployments, deployment
numbers are along the top of the figure, of (a) the mean velocity at 40 m, the (b) along-wind
and (c) cross-wind components of the velocity relative to 40 m and (d) the shear squared. The
black line denotes the XLLD and the solid and dashed grey lines denote the MLD calculated
using AT = 0.2 and 0.1°C respectively. . L

Observations from the five ASIP deployments, deployment numbers are along the top of
the figure, of (a) temperature, (b) stratification, (c) turbulent dissipation rate € and (d) nor-
malized turbulent dissipation rate €/&. The black line denotes the XLD and the solid and
dashed grey lines denote the MLD calculated using AT = 0.2 and 0.1°C respectively.

Mean day and night profiles of (a) normalized dissipation rate, (b) temperature, and (c) ve-
locity magnitude. Night is defined between 01:00 and 04:00 LMT and day is 13:00 to 16:00
LMT. Shaded regions represent 95% confidence intervals as calculated with a bootstrap
method.

Composite day for (a) By (blue) and T (orange), (b) N2, (c) S%, (d) Rip, (e) € and () € /€.
The black line in panels b-f is the XLD and the solid and dashed grey lines are the MLD
calculated with AT = 0.2 and 0.1°C respectively. . P

Depth averaged composite day for (a) magnitude of surface velocity, (b) temperature and (c)
€/ for the upper 9 metres. The shaded regions denote 95% confidence intervals for each

depth level calculated using a bootstrap method.

Diurnal jet calculated from the observed velocity at 0.5 m relative to the velocity at 20 m
where v and u are the along-wind and cross-wind components of respectively.

Contours of the time it takes for Ri, = Ri., calculated from (9). The black dots denote
observations of H and 7.

Diurnal jet amplitude assuming the f., of Fig. 10 for different values of #y. The black dots
denote observations of H and 7. .

Quasi-steady state surface currents from observations (Zy, black), and from (5) using the
XLD (red) and the MLD using a AT = 0.2° C threshold (blue) and a AT = 0.1° C threshold

(green).

Same as Fig. 12 but using (13) which includes the effect of entrainment.
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630

631

632

Fig. Al. Quasi-steady state surface currents from observations (Zy, black), as well as total current (Z,
red), inertial (Z;, blue) and Ekman (Zg, orange) currents generated with (5) and (a) 7 and
MLDyg,, (b) T and MLDg and (¢) T and H = 20m.
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F1G. 1. A schematic depicting the diurnal cycle of turbulence. The shaded region represents the OSBL.

34



633 FIG. 2. Location for the five ASIP deployments(shown in black) and three Trefle deployments (shown in red)

s4 during late August / early September 2012.
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FI1G. 3. Time series of observations of (a) surface buoyancy flux By (blue), wind speed Ujg (orange) and

direction Upyr (green) (b) significant wave height H; (red), peak period 7}, (blue) and zero up crossing period T;

(green) and (c) the turbulent Langmuir number La (red) as well as the friction velocity u, (blue) and the surface

Stokes drift/10 uz9/10 (green).
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FIG. 4. Observations of near surface currents from each of the three Tréfle deployments, deployment numbers

are along the top of the figure, of (a) the mean velocity at 40 m, the (b) along-wind and (c) cross-wind compo-

nents of the velocity relative to 40 m and (d) the shear squared. The black line denotes the XLD and the solid

and dashed grey lines denote the MLD calculated using AT = 0.2 and 0.1°C respectively.
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643 FI1G. 5. Observations from the five ASIP deployments, deployment numbers are along the top of the figure,
s4 Of (a) temperature, (b) stratification, (c) turbulent dissipation rate € and (d) normalized turbulent dissipation rate

€/&. The black line denotes the XLD and the solid and dashed grey lines denote the MLD calculated using

ss AT = 0.2 and 0.1°C respectively.
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647 F1G. 6. Mean day and night profiles of (a) normalized dissipation rate, (b) temperature, and (c) velocity
«s  magnitude. Night is defined between 01:00 and 04:00 LMT and day is 13:00 to 16:00 LMT. Shaded regions

a9 represent 95% confidence intervals as calculated with a bootstrap method.
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650 F1G. 7. Composite day for (a) By (blue) and 7 (orange), (b) N2, (c) %, (d) Rip, (e) € and (f) € /€. The black
st line in panels b-f is the XLD and the solid and dashed grey lines are the MLD calculated with AT = 0.2 and

ez 0.1°C respectively.
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653 FIG. 8. Depth averaged composite day for (a) magnitude of surface velocity, (b) temperature and (c) €/¢&p for
¢ the upper 9 metres. The shaded regions denote 95% confidence intervals for each depth level calculated using a

ess  bootstrap method.
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656 FIG. 9. Diurnal jet calculated from the observed velocity at 0.5 m relative to the velocity at 20 m where v and

7 u are the along-wind and cross-wind components of respectively.
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658 F1G. 10. Contours of the time it takes for Ri;, = Ri,, calculated from (9). The black dots denote observations

oo of H and 7.
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o2 F1G. 12. Quasi-steady state surface currents from observations (Zy, black), and from (5) using the XLD (red)

3 and the MLD using a AT = 0.2° C threshold (blue) and a AT = 0.1° C threshold (green).
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. Same as Fig. 12 but using (13) which includes the effect of entrainment.
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664 Fig. Al. Quasi-steady state surface currents from observations (Zy, black), as well as total current (Z, red),
s inertial (Z;, blue) and Ekman (Zg, orange) currents generated with (5) and (a) T and MLDy 5, (b) T and MLDy

e and (c) T and H = 20m.



