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Abstract A comparison between mixed (MLD) and mixing (XLD) layer depths is presented from the
SubTRopical Atlantic Surface Salinity Experiment (STRASSE) cruise in the subtropical Atlantic. This study
consists of 400 microstructure profiles during fairly calm and moderate conditions (2 < U;, < 10 ms~') and
strong solar heating O(1000 W m~2). The XLD is determined from a decrease in the turbulent dissipation rate
to an assumed background level. Two different thresholds for the background dissipation level are tested,
1078 and 10~° m? 573, and these are compared with the MLD as calculated using a density threshold. The
larger background threshold agrees with the MLD during restratification but only extends to half the MLD
during nighttime convection, while the lesser threshold agrees well during convection but is deeper by a
factor of 2 during restratification. Observations suggest the use of a larger density threshold to determine
the MLD in a buoyancy driven regime.

1. Introduction

The ocean surface boundary layer (OSBL) is typically defined by a quasi-homogeneous density structure
which can range from a few metres to several hundred meters in depth and is created by turbulent mixing
forced by the wind, surface gravity waves, and convective cooling. This surface mixed layer is an important
component of the global climate system as it controls the transfer of heat, momentum, and trace gases
between the atmosphere and the ocean [Belcher et al., 2012].

Definitions for the depth of the OSBL are usually based on the quasi-homogeneous density structure, i.e.,
the mixed layer depth (MLD, denoted by hp). The use of a density threshold relative to a reference depth

is the most common, which defines an acceptable density variability within the mixed layer usually in the
range Ap = 0.01-0.03 kg m~3 [Thomson and Fine, 2003; de Boyer Montégut et al., 2004]. There are many other
definitions such as using a temperature threshold [Kara et al., 2000], a density gradient threshold [Lukas and
Lindstrom, 1991], a linear optimal fitting approach [Chu and Fan, 2011], a split-merge method based on the
profile shape [Thomson and Fine, 2003] or dissolved oxygen profiles [Castro-Morales and Kaiser, 2012]. What
all these processes have in common is that they are trying to characterize the dynamic boundary layer depth
from discrete profiles of tracer concentrations and infer the turbulent characteristics.

The primary mechanism controlling the vertical transfer of heat, momentum, and material in the OSBL is
turbulent mixing. Therefore, a more important parameter in OSBL dynamics is the mixing layer depth (XLD,
denoted by h,) where turbulent mixing is currently active. Although this may appear to be a minor distinc-
tion, as the homogeneous density distribution within the OSBL is a direct result of high levels of turbulent
mixing, it is important in order to relate the response of the OSBL to surface forcing. A recent review on mix-
ing layer depths by Franks [2014] in relation with Sverdrup’s critical depth hypothesis for the North Atlantic
phytoplankton bloom [Sverdrup, 1953] states that this hypothesis has yet to be thoroughly tested using
the XLD and that the distinction between the XLD and the MLD in this case is very important. Currently,
there does not exist a robust method to operationally determine the XLD using observations of turbulent
quantities, such as dissipation rate of turbulent kinetic energy, ¢, [Franks, 2014].

Many of the parameterizations on energy dissipation and turbulence in the OSBL are based on the assump-
tion that MLD = XLD, which is often not the case in a dynamic ocean [Brainerd and Gregg, 1995; Croot et
al., 2007; Cisewski et al., 2008; Noh and Lee, 2008; Stevens et al., 2011; Sutherland et al., 2014; Franks, 2014].
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Observations of differences between the MLD and the XLD have been commented on in early microstruc-
ture experiments [Shay and Gregg, 1986; Dewey and Moum, 1990]; however, there have been relatively few
studies that have investigated the nature of this difference as it requires specialized instruments to measure
turbulent properties and large data sets to quantitatively compare the MLD and XLD.

One of the first studies to look at the difference was that by Brainerd and Gregg [1995] using microstructure
profiles from the subtropical Pacific. The XLD was defined using both direct measurements of ¢ and Thorpe
scales, L [Thorpe, 1977], in the OSBL. They suggest that Thorpe scales determined from high-resolution tem-
perature profiles gave the best estimates of the XLD during convection when the upper ocean is statically
unstable, but with no observations in the upper 10 m they were unable to calculate the XLD during restrat-
ification and focused their analysis on profiles during the night. Determining the XLD using e was generally
consistent with using L; although more variable. The calculated XLD by Brainerd and Gregg [1995] coincided
with density differences from the surface ranging from 0.005 to 0.5 kg m~2 with no consensus for an ideal
choice for the threshold.

More recently, there have been studies which investigated the MLD and XLD at higher latitudes. During a
transect across the north Atlantic at approximately 52°N, Lozovatsky et al. [2006] defined the MLD using a
density threshold of Ap = 0.02¢,, where o, is the surface potential density and the XLD based on ¢ falling
to a background dissipation rate of ¢, = 1078 m2 s=3, Lozovatsky et al. [2006] found little difference between
the MLD and XLD, with their data spanning a transect of 42 stations across the North Atlantic with generally
two to three profiles per station (although sometimes seven to eight). Given the statistical variability of tur-
bulent process, the small number of profiles per station makes it difficult to quantitatively compare the MLD
and XLD.

In the subarctic around Svalbard under open-ocean and ice-covered conditions, Fer and Sundfjord [2007]
defined the MLD using the split-merge method of Thomson and Fine [2003] and a XLD using ¢, = 3 X
1078 m? s3. They found MLD > XLD for the majority of their profiles. They calculated the cross correlation of
surface forcing, i.e., wind stress and buoyancy flux, with both the XLD and MLD and found higher correlation
coefficients with the XLD. However, turbulence sampling frequency consisted of three profiles every 3-6 h
over a station duration of 26-45 h for a total of 81 profiles with 23 of these in ice-covered conditions. Such
sparse sampling, especially when they are split up into two different regimes of ice free and ice covered,
makes it difficult to quantitatively discuss differences between the MLD and XLD.

In the proximity of an Antarctic Polar Front, Cisewski et al. [2008], using a density threshold of 0.02 kg m~ to
define the MLD and the same definition for the XLD as Lozovatsky et al. [2006], found XLD <« MLD. This study
consisted of a total of 167 microstructure profiles across 33 stations during February and March 2004. Com-

parisons with the boundary layer depth calculated using a K-profile paramaterization (KPP) model [Large et

al., 1994] were improved using the XLD but were still poor during periods of restratification.

Using an ocean general circulation model (OGCM), Noh and Lee [2008] directly compared values of the
MLD and XLD on a global scale. Two different density thresholds were tested, 0.1 and 0.02 kg m~3, to deter-
mine the MLD from the OGCM. The XLD was determined by a decrease in the vertical eddy diffusivity K,

to a background value of 107> m? s~ for the first time. It was found that XLD > MLD in regions where
strong subsurface shear is present, such as the equatorial ocean and western boundary current regions,
and XLD < MLD during early restratification and at high latitudes during convective cooling. In addition, a
latitude-dependent Ap was calculated as the density threshold required to minimize the difference between
the OGCM results and climatological data [Locarnini et al., 2006; Antonov et al., 2006]. This dependence

has a peak of about 0.09 kg m~3 near the equator decreasing to values around 0.02 and 0.03 kg m~3 at
higher latitudes.

We present observations which explore the phenomenology of the MLD and XLD in the subtropical Atlantic
during late summer to obtain a more quantitative view of some of the differences between the MLD and
XLD. These observations span the entire mixed layer to the water surface and equally sample all times of the
diurnal cycle. An overview of the conditions and observations can be found in section 2. Section 3 inves-
tigates the diurnal structure of the MLD and XLD and whether the XLD can be related to the density field.

A summary of the results can be found in section 4.
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Figure 1. ASIP location for the five deployments
during the STRASSE experiment. The number of pro-
files at each deployment is shown in parenthesis. All
deployments are within a radius of 1°. The grid lines
on inset map denote 20’ intervals.

2. Observations

Observations were obtained during the SubTRopical
Atlantic Surface Salinity Experiment (STRASSE) aboard
the N/O Thalassa. The site location is shown in Figure 1.
This experiment took place during August and
September 2012 as part of the larger Salinity Processes
in the Upper Ocean Regional Study (SPURS) project.
Radiation fluxes and wind speed measurements were
recorded aboard the N/O Thalassa with the wind stress
and buoyancy flux calculated using the TOGA COARE 3.0
algorithm [Fairall et al., 2003].

Figure 2a shows the wind speed U,, and surface buoy-
ancy flux B, recorded over the five deployments of the
Air-Sea Interaction Profiler during STRASSE. The sign
convention for B, is negative (positive) when the sur-
face buoyancy flux is into (out of) the ocean, i.e., during

restratification the surface water becomes more buoyant (i.e., less dense). The buoyancy flux has a typical
diurnal pattern of heating due to shortwave radiation during the day followed by cooling at the surface dur-
ing the night. The wind speeds range from weak to moderate spanning 2 to 10 m s~! and are predominantly
northeasterly except during deployment four where they begin shifting to southeasterly in the night.

To accurately determine the buoyancy flux from shortwave insolation into the mixed layer one must

account for absorption profile in the water column
buoyancy flux to a layer of depth z as

Bi(2) =

. Here we follow Large et al. [1994] and define Bs(z) as the

o + [BR(0) — Br(2)] m
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Figure 2. (a) Wind speed (solid orange line) measured at

0831 09/02  09/04
UTC

10 m and surface buoyancy flux (blue region), (b) ocean tem-

perature T, (c) log, of the buoyancy frequency squared N2, (d) Thorpe scale Ly, and (e) log;q of the turbulent dissipation

rate e. The green, black, and red lines in Figures 2b-2e denote h,,

h.q, and h,, respectively.
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where BY is the turbulent (i.e., nonradiative) components of the surface buoyancy flux and Bg(2) is the radia-
tion component that decreases with depth. Assuming a simple double exponential profile for the shortwave
radiation [Paulson and Simpson, 1977], i.e.,

Ba(2) = By(0) [Re/1 + (1 — Ry e/ 2

where z is positive upward, R=0.62, £, =1.5 m, and & =20 m. The values for R, &, and &, are for Jerlov
type 1A and consistent with clear ocean water similar to what was encountered in this region [Paulson
and Simpson, 1977]. For a value of h, = 5 m, the buoyancy flux correction is 1—Bg(h,)/Bz(0)=0.7. The
Monin-Obukhov length L is calculated using (1) as

I

L=-——= 3
5 3

where k = 0.4 is von Kdrman'’s constant and u, is the friction velocity in water calculated from the wind
speed using the TOGA COARE flux algorithm [Fairall et al., 2003]. Here B; is evaluated at h,, as this is expected
to be the depth at which buoyancy forces during restratification are expected to extend to, but the use of
the MLD or the XLD will have little affect on this parameter as the difference in shortwave radiation between
the two depths is small. Henceforth in the manuscript, B, will denote B(h,)).

Ocean measurements of the turbulent dissipation rate, temperature, and salinity were obtained with the
Air-Sea Interaction Profiler (ASIP), an autonomous microstructure profiler which rises through the OSBL and
is specifically designed to measure turbulence properties (for further details, see Sutherland et al. [2013],
Ward et al. [2014]). Presented are 400 profiles made over five deployments during 12 days in late
August/early September 2012. The location and number of profiles for the five deployments are shown in
Figure 1. The time-depth evolution of temperature T and buoyancy frequency N? can be found in Figures 2b
and 2c¢, respectively. The density ratio is given by

R, =Tz @

B85,

where a and g are the thermal expansion and the saline contraction coefficients respectively, and T, and S,
are the vertical gradients of temperature and salinity. Values for R, are typically greater than 2 indicative of
temperature-controlled stratification.

The dissipation rate of turbulent kinetic energy, ¢, is calculated using e = 7.5v <u§>, where v is the kine-
matic viscosity and u, is the turbulent vertical shear. Values for ¢ are obtained from 1 s segments of the
microstructure shear time series, corresponding to a vertical resolution of about 0.5 m, and averaged over
three successive profiles to obtain mean values approximately every hour. Figure 2e shows the measured
turbulent dissipation rate for the five deployments.

The MLD, h,, is calculated using a density threshold criterion of 0.03 kg m~3 relative to the density at
z, = 2.5 m depth. There are several criteria for defining the MLD, but for this study the commonly accepted
density threshold suggested by de Boyer Montégut et al. [2004] is used and instead the analysis focuses on

the XLD [Brainerd and Gregg, 1995]. The XLD, h_, is defined as the shallowest depth where ¢ falls to a certain
background level. Profiles of e are also smoothed vertically using a running mean with a half width of 0.5 m

to minimize the effect of spatial intermittency giving false positives for the XLD.

Two different background dissipation levels are analyzed to determine the XLD: €,, =107° and ¢,, =

1078 m2 s73. The XLD determined via each method is designated as h_, and h_,, respectively. The first thresh-
old of 107° m? s~3 is determined after inspecting hundreds of profiles and is consistent with XLD definitions
from previous studies [Dewey and Moum, 1990; Brainerd and Gregg, 1995; Sutherland et al., 2014]. How-
ever, other studies [Lozovatsky et al., 2006; Cisewski et al., 2008] defined the lower bound of the XLD where ¢
decreased from 1077 to 1078 m? s~3 so this dissipation threshold is also included. The time series of the MLD
and XLD can be found in Figures 2b-2d.

Thorpe scales are calculated as the RMS difference of the reordered temperature profiles [Thorpe, 19771 and
smoothed using a running mean filter with a half width of 0.5 m. The magnitude of the temperature anoma-
lies were not large enough to use the robust methodology of Galbraith and Kelley [1996] and are presented

here as a qualitative picture of the XLD analogous to previous studies [Brainerd and Gregg, 1995; Cisewski
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Figure 3. Observations and diurnal phase averages of (a) B; (blue) and U, (orange), (b) L (brown) and the ratio hp/L
(blue-green), (c) mixed hp (green) and mixing layer depths h,; (black) and h,;, (red), respectively), (d) the ratio of the MLD
to the XLD, and (e) the absolute difference between the MLD and XLD for the two XLD definitions. The black dashed
lines in Figures 3d and 3e denote h, = h,. (f-h) The histograms for the observations in Figures 3c-3e with the box plots
showing the stats for the entire record.

et al., 2008]. Figure 2d shows the measured values of L; over the ASIP deployments. During convection
Ly shows that overturns compare well with h, and h,;. However, there are no overturns observed during
restratification where dissipation rates are high suggesting that L; is not an ideal proxy for XLD during
this time.

3. Results and Discussion

To investigate the diurnal structure of the MLD and XLD, the five deployments are phase averaged as a
function of the local time of day to create a single composite day. Phase-averaged values for B and U,
can be found in Figure 3a. The mean wind speed shows no discernible daily pattern, while the buoyancy
flux demonstrates a predictable pattern with the asymmetric shape around noon being due to the greater
absorption of shortwave radiation by the deeper MLD in the morning than in the afternoon.

The ratio of h /L in Figure 3b is often used as a stability parameter for turbulence in the OSBL. During con-
vection, when L is negative, values for h /L can be < —1 [Shay and Gregg, 1986; Lombardo and Gregg, 1989].
However, during restratification L > 0 and it is commonly assumed that h, < L since buoyancy forces should
suppress turbulence at depths greater than the MLD [Large et al., 1994]. However, during the day it was
consistently observed that h, > L with mean values of h /L as high as 10 (Figure 3b) during early restrati-
fication. Likely possibilities for this could be due to the MLD being less than z, = 2.5 m, or surface gravity
waves [Craig and Banner, 1994; Janssen, 2012] being an extra source of turbulence which is not accounted
for in similarity theory, or there is an additional source of kinetic energy not linked to the wind stress such as
the diurnal jet described by Price et al. [1986]. Since the wind stress is expected to depend on the XLD and
the restratification on the MLD, it might be that turbulence and the stabilizing buoyancy flux are far from
equilibrium during the day, as noted in the difference between XLD and MLD.

Observations of the phase-averaged values for h , h,; and to a lesser extent h,, (Figure 3c) follow a typical

diurnal pattern of formation during the late morning followed by a gradual deepening during convection
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Figure 4. (a) Density difference from the reference level to h,; (black) and h,, (red) along with the diurnally phase aver-
aged mean and 95% confidence intervals. (b) The histogram of Ap over the entire period using 0.01 kg m=3 bins. The box
plots in Figure 4b are for the entire record with the box and whiskers showing the 50th and 95th percentiles, respectively.

[Lombardo and Gregg, 1989; Brainerd and Gregg, 1995]. In general, h, is a good proxy for h,; with the excep-
tion of the afternoon as h, underestimates h,, by a factor of 1.5-2 suggesting higher dissipation rates at the
MLD (see Figures 3d and 3e).

To investigate whether the XLD can be represented by a density threshold we calculate the density differ-
ence at the XLD relative to the reference depth z, = 2.5 m, i.e,, Ap12 = p(h.q ) — p(z,), as shown in Figure 4.
From 21:00 to 06:00 when h, ~ h,,, there is a steady increase in Ap¢! from 0.08 kg m~3 to0 0.14 kg m~—.
Since p(z,) changes little during this time, the density difference must come from the entrainment of denser
water from below the MLD. There is no noticeable pattern with Ap¢? as h_, does not extend deep enough
to encounter any density gradients. This is shown in Figure 4b where Ap? < 0.01 kg m~3 when the surface
buoyancy flux is positive.

For Ap¢’ this increasing trend reverses in the morning starting at 06:00 local mean time (LMT) when the sign
of B, changes, while Ap¢? is still predominantly less than 0.01 kg m~3. Beginning around 10:00, both A ¢!
and Ap¢? steadily increase to values of approximately 0.10 and 0.06 kg m~3 in the early afternoon, respec-
tively. This daytime value is maintained, within the confidence intervals, until sunset at around 18:00 LMT
where there is a decrease in both Ap terms.

The buoyancy flux becomes destabilizing at 18:00 LMT where there exists a regime which lasts from this
time until 21:00 LMT where h_, and h_, diverge and head toward their mean depths during convection.
This appears to be a transitional period where ¢ at h , is decreasing from 1078 m? s73 to 107° m? s~3. After
21:00 LMT Ap? — 0 as the convective regime dominates and Ap¢' slowly increases due to entrainment as
mentioned previously.

The statistics of Ap!? over the entire record are shown in Figure 4b. Both distributions are far from normal
with Ap¢! appearing bimodal between convection and restratification regimes and Ap¢2 only having the
single peak during restratification. The mean values for all observations of Ap¢! and Ap<? are 0.09 +0.02 and
0.03 + 0.01 kg m~3. It is interesting to note that the mean value for Ap¢ is similar to the mean value of
0.07 kg m~3 calculated by Noh and Lee [2008] for this latitude, while h, ~h,, during most of the deploy-
ments. This is in contrast to the mean value for Ap¢?, which is equal to the MLD criterion of 0.03 kg m~3 even
though h, > h,, on average and 30% of the Ap? values being < 0.01 kg m~3.

4, Conclusions

This study represents an investigation of observations of the mixed layer depth (MLD) and mixing layer
depth (XLD) under strong diurnal restratification conditions in the subtropical Atlantic during late summer
2012. Presented are 400 microstructure profiles obtained with the Air-Sea Interaction Profiler taken over five
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deployments spanning 12 days. The conditions were fairly calm to moderate (2 < U;q < 10 m s~') under
strong solar heating (1000 W m~2) over the deployments.

To investigate the sensitivity of the XLD definition, two thresholds for the background dissipation rate,
€,;=107° and ¢,,=10"8 m? s=3, were tested. Diurnal variations were observed in both the MLD and

XLD which were consistent over all of the deployments with h,, > h,, > h, during restratification and
h,~h., > h,, during convection. In addition, Thorpe scales L; were also used to estimate the XLD. While the
base of the L, layer agrees well with h, and h,; during periods of positive B, (i.e., nighttime convection), L;
fails to represent the daytime evolution of the OSBL when By, is negative.

A composite day is created by phase averaging the MLD and XLD by local hour of the day. During convection
h, ~ h,,, while during restratification h, ~ h,, which suggests a background dissipation of ¢,, = 1078 m? s~
in this remnant layer. Larger turbulent dissipation rates are observed during restratification which are not
consistent with the stabilizing effect of the buoyancy forcing. Observed values of h, /L are greater than unity
during the day suggesting L to be a poor proxy for the MLD during this time. This ratio is even greater if h, is
used instead as h, < h,, < h,; during this period.

The XLD is presented as a function of the density gradient for the two thresholds for the background dissi-
pation rate. Although h, ~ h_,, the density difference at h,,, i.e, Ap?" = p(h.,) — p(z,) had a mean value 3
times the density threshold of 0.03 kg m~3 with two peaks in the distribution of Ap at the convective maxi-
mum and restratification maximum respectively. The mean value for Ap¢! is much greater than the accepted
range of the density threshold for individual profiles of 0.01 < Ap < 0.03 kg m~3 [de Boyer Montégut et al.,
2004], yet is consistent with a meridionally variable Ap as shown by Noh and Lee [2008].

While it is not surprising that the XLD should be a function of the surface forcing, which will vary regionally
and temporally, it is also clear that it will also depend on the MLD and local hydrography. There is a need
for more observations of the entire OSBL across different regions and seasons for improved understand-
ing of the associated turbulent processes and provide a sound basis for a better, dynamically motivated,
parameterization of the XLD.
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