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Abstract The diurnal cycling of the surface mixing/mixed layer (ML) depth, air-sea heat flux, and vertical
profiles of the temperature and turbulent kinetic energy dissipation rate in the tropical central South China Sea
was observed in summer (June 2017) and winter (January 2018). In the daytime, solar heating warmed and
stabilized the ML, and the thickness of the ML can be well characterized by the Zilitinkevich scale as noted in
previous studies. By contrast, in the nighttime the ML was deepened by convective turbulence generated by
surface cooling. Guided by these observations, we have derived a simple scaling for the nighttime deepening of
the ML by simplifying the classic Kraus-Turner type model. We show that the variation of the ML depth can be
scaled by a function of the wind speed, air-sea heat flux and the temporal variation of the sea surface
temperature, all of which are observable variables at the sea surface. It is found that the scaling works well in
reproducing observed variations of the ML depth from hydrographic data. As such, this study advances our
understanding of the response of the upper ocean to atmospheric forcing and provides a simple way for
predicting the ML depth with solely surface observations.

Plain Language Summary The mixed layer (ML) is the well-mixed region of the upper ocean,
which is mainly influenced by air-sea interactions (e.g., wind forcing and buoyancy fluxes). The ML deepening/
shoaling processes is critically important for physical, chemical, and biological oceanography. The diurnal
variation of the ML depth is caused by daytime heating and nighttime cooling. In the daytime, the surface water
gains heat (buoyancy), and then a shallow stable ML (with a thickness of several meters) is formed by the
stirring of wind. In the nighttime, by contrast, the surface water loses heat (buoyancy) making the shallow ML
unstable, and then the thickness of ML will develop to tens of meters. In this study, we propose a new method to
estimate the diurnal variation of the ML depth with wind speed, air-sea heat flux, and sea surface temperature,
all of which are observable variables at the sea surface. Our method well characterizes the observed ML depth
throughout the diurnal cycle, making it possible to approximate the upper ocean structure without underwater
data.

1. Introduction

The surface mixed layer (ML) is the near-surface layer of the ocean with a nearly uniform vertical density profile,
which is a result of the vigorous mixing due to atmospheric forcing through wind, waves, and unstable buoyancy
fluxes. As the intermediate layer between the atmosphere and the vast interior ocean, the ML controls
atmosphere-ocean exchanges of the momentum, heat, and material tracers. Although the ML is only a thin layer
(usually a few tens of meters at low and middle latitudes) of the upper ocean, it is an important component of the
global climate system (Belcher et al., 2012). The ML depth (MLD) is a key factor for the upper ocean to absorb
(and store) heat from the atmosphere owing to the high specific heat capacity of the water as compared to the air,
and it is also closely related to the sea surface temperature (SST) on both the seasonal (Somavilla et al., 2017) and
diurnal (Kawai & Wada, 2007; Zheng & Jing, 2024) timescales. However, the state-of-the-art climate models
remain subject to large errors in predicting both the MLD and SST (Belcher et al., 2012; D'Asaro, 2014; C Huang
etal., 2007). The deepening/shoaling processes of ML are mainly controlled by the wind stress, surface buoyancy
flux, etc (Lozovatsky et al., 2005; Marshall & Schott, 1999; Somavilla et al., 2017). Therefore, a quantitative
understanding of the variation of MLD and the scaling to the external forcing is crucially important.

The MLD is often discussed in terms of its seasonal variation (H denotes the seasonal mixed layer depth), but in
the tropical ocean, it varies substantially during a diurnal cycle (k& denotes the diurnal mixed layer depth)
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(Brainerd & Gregg, 1993; Lombardo & Gregg, 1989; Shay & Gregg, 1984). Furthermore, the diurnal ML is
composed of a diurnal warm layer (DWL) and a diurnal convective layer (DCL) which are formed by daytime
heating and nighttime cooling, respectively. To discuss the diurnal variation of the ML, it is important to
distinguish the mixed and mixing layer depth (MLD vs. XLD, denoted by &, and h,, respectively).

The XLD is defined as the depth of the near-surface layer with vigorous mixing owing to surface forcing.
Operationally, it can be determined as the depth where the turbulent kinetic energy (TKE) dissipation rate
(denoted by ¢) has decreased to an assumed background value independent of the surface forcing (Brainerd &
Gregg, 1995; Franks, 2014; Sutherland et al., 2014). The dissipation rate represents the influence of different
turbulence sources (i.e., wind stress and buoyancy loss), which is useful to the study of the dynamic process of the
mixing layer. Recently, Giunta and Ward (2022) proposed a new method based on the shape of the dissipation
profile for estimating %, (at which the ¢ values drop rapidly). By contrast, the MLD is defined according to the
hydrological properties of the water column, which is usually calculated using a density threshold or temperature
threshold relative to an operationally defined surface density or temperature, respectively (Boyer Montégut
et al., 2004; Kara et al., 2000). There are also other definitions and estimations such as using a density gradient
threshold (Lukas & Lindstrom, 1991) and the objective method (Chu & Fan, 2010; Holte & Talley, 2009; P Huang
et al., 2018; Thomson & Fine, 2003). The common feature of these MLD definitions is to determine the thickness
of the near-surface well-mixed water column by inspecting vertical profiles of the density or temperature. The
XLD and MLD are dynamically related although they are not necessarily identical at any time. Physically, any
mixed layer is developed from a mixing layer. The fundamental difference is that the mixed and mixing layers
refer to different timescales over which mixing occurs. Besides physical distinctions between the XLD and MLD,
thresholds used in operational calculations also contribute to the difference in their estimates (Sutherland
etal., 2014). Both XLD and MLD actively respond to the diurnal external forcing and can be used to characterize
the thickness of the DWL or DCL.

In the daytime, a DWL is formed due to the absorption of solar radiation. The thickness of the DWL can range
from several centimeters to tens of meters which depends mainly on the wind speed (Soloviev & Lukas, 1997).
Early studies suggest that the thickness of DWL is proportional to the Monin-Obukhov length (Ly,, = u3/(xB,),
where u, = \/m is the surface frictional velocity, 7 is the surface wind stress, x the von Karmén constant, and B,
the surface buoyancy flux, expressing the relative roles of shear and buoyancy in the production of the TKE
(Kraus & Turner, 1967). By incorporating the Ekman length scale (1 = u./f), Zilitinkevich (1972) considered the
effect of the Coriolis force and proposed the Zilitinkevich scale (L, = \/ZM—OA). Recently, a few studies of large-
eddy simulations (Goh & Noh, 2013; Noh & Choi, 2018; Ushijima & Yoshikawa, 2019; Yoshikawa, 2015) have
confirmed that L, is more suitable for observed mixing/mixed layer depth than other length scales under stabi-
lizing buoyancy flux, at least at low latitudes. Besides the scaling depth, Price et al. (1986) introduced two
diagnostic depths (trapping depth D and penetration depth D)) associated with restratification, the definitions of
which are listed in Table 1.

In the nighttime, the previous warmer layer turns into the DCL as the surface water loses heat (buoyancy) which
drives convective overturns. Using Thorpe overturning scale analysis, Brainerd and Gregg (1995) suggested that
the Thorpe scale (L;) could be a useful representation of the DCL depth. Shay and Gregg (1984) reported the first
evidence that the TKE dissipation rate of the DCL is related to the lost buoyancy, € ~ B,,. The deepening of the
convective layer has been studied with laboratory experiments (Deardorff et al., 1969) and numerical simulations
(Marshall & Schott, 1999). It has been suggested that the thickness of the convective layer increases according to

[2 [Bydt
hys = , (1
'MS Ntzh

where Nth indicates density stratification in the thermocline just below the convective layer. However, Equation 1

does not seem to predict the observed deepening of the mixed layer well in winter, presumably because it ignores
the contributions of the vertical mixing and advection (Somavilla et al., 2017).

The diurnal mixing/mixed layer depth is the consequence of the upper ocean's response to various external
forcing, and thus the former should be represented as a function of the latter. In previous studies, the XLD/MLD
was calculated based on the dissipation or density profiles, but continuous high-frequency (to reveal diurnal
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Table 1
Diffident Depths of the Mixed Layer Used in This Study

Depth  Type Definition Description

h, I & background value: Dissipation threshold (XLD)
1x107° W kg™

h 1 Ap =0.03 kg m~> (in summer) Density threshold (MLD)
Ap = 0.01 kg m™ (in winter)

hy I Where N? is the maximum in the mixed layer ~ Stratification method
h I Where S, decreases to 0 The lower boundary of the first overturning

D, 1T Dy = % /. T dz The mean depth of the temperature anomaly

-1
D, 1I Dp=-2 ("77) The depth scale in the one-dimensional heat equation

T pocy\ 0t

Lrvo I Lyo = ul/(xBy) The relative contribution of wind and buoyancy to TKE

L, I Ly=u?/( fBO)% The L,,,, considered the geostrophic effect

2 /Bydt
N2

th

s v hys =

The deepening of the convective layer

Note. Type I indicates the observed depth. Type II indicates the diagnostic depth in stable stratification. Type III (IV) in-
dicates the parameterized depth in stable (unstable) stratification.

variations) observations remain sparse. In this study, we seek to reveal the diurnal cycling of the XLD/MLD with
field observations, aiming in particular at deriving a simple scaling for the evolution of XLD/MLD with solely
surface observations. We will show that the variation of the XLD/MLD can be scaled by a functional combination
of the wind speed, air-sea heat (buoyancy) flux, and the temporal variation of the SST, all of which are observable
variables at the sea surface rather than the full depth profiles. This paper proceeds as follows. The data employed
in our analysis are introduced in Section 2. The results are presented and discussed in Section 3. This paper
concludes with a summary and discussion in Section 4.

2. Data and Methods
2.1. Observations

The data used in this study were obtained from a time series station in the central basin (116°E, 14°N; the red
pentagram in Figure 1) of the South China Sea but in two different seasons. The summer cruise was performed on
June 1417, 2017 and the winter cruise was performed on January 25-26, 2018 (all time in this article is local
time). Both of the two research cruises were conducted onboard the R/V TAN KAN KEE and in total 55 (18)
vertical turbulence profiles and 53 (26) regular hydrographic profiles were collected in summer (winter). Besides,
by using XCTD (eXpendable Conductivity-Temperature-Depth), we performed a rapid survey of two orthogonal
transects after completing the time series observations in the summer cruise (Figure 1).

Turbulence microstructure measurements were made by using a free-fall vertical microstructure profiler (VMP,
Rockland Scientific Inc.), which was equipped with two shear probes (sampled at 512 Hz), two FPO7 fast-
response thermistor and SBE3/4 temperature/conductivity sensors. The TKE dissipation rate ¢ was calculated
by fitting the Nasmyth spectrum to the measured shear spectra over consecutive segments of 2 s (Roget
etal., 2006; Wolk et al., 2002). As a result, vertical profiles of € have a resolution of ~1.2 m for the falling speed of
the instrument of around 0.6 m/s. Due to contaminations by the ship's wake, the turbulence measurements and
thus the estimated ¢ were unreliable in the upper 10 m of the water column; these data were therefore excluded
from further analysis.

CTD (Conductivity-Temperature-Depth, SBE 911plus) casts were also conducted to obtain measurements of the
temperature and salinity for comparison and the data have been averaged into 0.1 m bins. Measurements of the
velocity were made using a 300 kHz ship-mounted acoustic Doppler current profiler (ADCP). Underway data
collected during the two cruises include the near-surface (~5 m depth) temperature and salinity and meteoro-
logical data (e.g., wind speed, sea-surface air temperature, precipitation, relative humidity, solar radiation) were
collected to provide observations of the atmospheric forcing. Surface fluxes are thus estimated using bulk
formulae (Fairall et al., 2003) applied to standard ship meteorological measurements.
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Figure 1. Topography of the South China Sea. Red pentagram marks the time series station and two orthogonal 18.5 km-long
transects (inset, Sect. 1 and Sect. 2) were performed after time series survey in the summer cruise.

In general, the penetrative radiation of shortwave heat flux is given by the double-exponential model (Paulson &
Simpson, 1977):

4(z) = (1 — albedo) Q,,,[Re?" + (1 — R)e/"2], 2

where z is negative downward, (1 — albedo) Q,,, is the downward shortwave radiation just below the sea surface
and a constant albedo = 0.06 is adopted following Ohlmann and Siegel (2000), R, y,, and y, are constants
depending on the water types (Paulson & Simpson, 1977). Besides the surface shortwave radiation, the net
infrared long-wave radiation (Q,,), latent heat flux (Q,) due to evaporation, and sensible heat flux (Q,) due to air-
sea temperature difference also contribute to the net surface heat flux (Q,):

QO = (1 - albedo) st + Qlw + Ql + Qs' (3)

The fluxes are defined as downward positive, and thus positive fluxes indicate that the ocean gains heat and
negative fluxes indicate that the ocean loses heat. The air-sea heat flux and freshwater flux (through evaporation £
and precipitation P) combine to induce buoyancy flux at the air-sea interface, thus stabilizing or de-stabilizing the
water column. The surface buoyancy flux can be quantified as:

By = gaQo/poc, — gPfso(E — P), 4)
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where g, p, ¢,, and s, are the gravitational acceleration, a reference density of seawater, specific heat of water,
and surface salinity, respectively, and a is the effective thermal expansion coefficient, § is the saline contraction
coefficient.

2.2. Definitions of Depths

Depths in this study can be subdivided into four types and their definitions and descriptions are listed in Table 1.
Type I means observed depth, including 4, h,, hy, and h,,. Here, h, (h,) is defined by the threshold method of
density (dissipation) profiles; &, is defined by the gradient method, and is chosen as the depth of maximum
stratification in the mixed layer; 4, is the lower boundary of the uppermost overturning of the density profile. To
determine £, (Jalali et al., 2017): (a) Sort the density profile of the entire column into a stable monotonic profile;
(b) Find vertical displacement (d,,) for each point between the sorted and unsorted profiles; (c) Calculate accu-
mulation of displacements from the surface (S,); (d) Determine the depth (h,,) where S, decreases to 0. Type Il is
the diagnostic depth including trapping depth D; and penetration depth Dp, which was introduced by Price
et al. (1986). They can determine the thickness of DWL with temperature profile and air-sea heat flux in stable
stratification. Type III (IV) is the parameterized depth in stable (unstable) stratification. As a reference, we
calculate the seasonal mixed layer depth (H), which is defined the same as h,,, but with the threshold
Ap =03kgm™.

3. Results
3.1. Atmospheric and Oceanic Background

The time series of the key meteorological and oceanic variables are shown in Figure 2. It was sunny in summer
and cloudy in winter during the field observations. In the summer, the wind speed was low and ranged from 2.5 to
7.5m s, and the wind direction was around 225° (typical southwesterly monsoon). In the winter, in contrast, the
wind was in the opposite direction (45°, typical northeasterly monsoon) and the wind was stronger and more
fluctuating than summer. The wind speed for the duration of the deployment was low so the wave-breaking rate
and wave-breaking intensity would therefore also be expected to be low. As characteristic of the subtropics, the
sea-surface air temperature generally remained lower than SST even in winter, indicating negative sensible heat
flux (Q,) throughout the year. Both long-wave radiation (Q,,) and latent heat flux (Q,) were also negative
throughout the year, causing heat loss from the surface ocean to the atmosphere. However, in the daytime large
solar shortwave radiation (Q,,,) dominated the net surface heat flux inducing net heat gain of the surface ocean.
The buoyancy flux was dominated by heat flux for there was no precipitation during the observation period.
Consequently, the net surface heat (buoyancy) flux followed a typical diurnal cycle with surface cooling at night
and heating during the day.

The mean profiles of the temperature (T), density (o), buoyancy frequency (NV?), and TKE dissipation rate
exhibited diurnal variations in the upper ocean both in summer and winter (Figure 3). The density ratio R, = a(dT/
02)/(dS/0z) was calculated (it denotes the relative contribution of the vertical gradient of temperature and salinity
to the stratification, not shown), and the stratification was completely dominated by temperature in the summer
cruise, except for the first day. In the winter cruise, by contrast, the contributions of temperature and salinity to
stratification are equally important. The warm and light DWL was distinct in the upper ~10 m in daytime,
especially in summer. Due to the different mechanisms of the DWL and the DCL, the stratification (dissipation) in
daytime was 1-2 orders of magnitude larger (smaller) than that in nighttime within the upper mixed layer. In
addition, the mean seasonal mixed layer depth (the horizontal black lines in Figure 3a) was 43 m in summer and
55 m in winter.

3.2. Diurnal Cycle of the ML

In order to highlight the diurnal signal, we calculate the vertical anomaly of temperature and density in the same
manner as Price et al. (1986), that is,

T (2. 0) =Tz ) = T(z,, 1), 5)

o (z. 1) = o(z, 1) — 6z, 1), (6)
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Figure 2. Time series of (a) 10 m wind speed U, and direction U ;, (0° implies wind from the north), (b) SST and air
temperature 7,;,, (c) net surface heat flux Q, and buoyancy flux B. The black bar on the top axis indicates the time when Q,,
is negative (roughly represents the nighttime and the same for the following figures).
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where z, is the reference depth, which is chosen carefully to be deep enough to avoid the diurnal signal, and at the
same time shallow enough to exclude the seasonal pycnocline. Reference depths of 30 m for summer and 45 m for
winter are chosen according to the mean profiles shown in Figure 3. The time-depth evolutions of 7", ¢", N°, and &
are shown in Figure 4. All of them exhibit distinct diurnal cycling patterns, accompanied by a shallow DWL in the
daytime and deepening DCL in the nighttime. The DWL and DCL can be clearly identified from 4, and /., where
h, is defined by the density threshold of 0.03 kg m™ (0.01 kg m™ in January) relative to the surface density
(Boyer Montégut et al., 2004) and £, is the depth where dissipation decreased to the assuming background level of
107°W kg_l (Sutherland et al., 2014). We have also tested the sensitivity of MLDs to different threshold values,
and the variances of MLDs are generally minor. For instance, h, varies from 26.5 to 29.4 m (Figure 5b) by
adopting the density thresholds of 0.01 and 0.05 kg m™>, respectively. In summer, the diurnal variation of
temperature (density) was robust and up to 0.4°C (0.15 kg m™), while in winter it became much weaker. These
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density threshold between summer and winter.

temperature variations were large enough to cause strong stratification at the bottom of the DWL or DCL (i.e., a
thin diurnal pycnocline following /, and &,) even in winter. As a result, £ exhibited a similar pattern as N? due to
the strong stratification inhibiting turbulence. In addition, another difference between the two cruises is that the
remnant layer (the region between &, and H) existed on summer nights but not on winter nights. In other words,
the maximum depth of the DCL could not reach the seasonal mixed layer depth in summer, but it could expand
quickly to the bottom of the seasonal mixed layer in winter.

3.3. Observed Depths in the ML

Although both £, and h, have similar patterns of diurnal cycling, there are some details that deserve attention.
Besides the i, and &, we also inspect two other observed depths that are calculated from stratification (k) and
overturning zone (h,,) as defined in Table 1. Figure 5 shows the typical profiles of T, 6, N° ¢, and d, at 02:30 16-
Jun 2017 (local time) to expound the definition of these 4 depths. We only focus on the summer cruise because it
has a similar pattern in winter, but a difference is that we choose a smaller density threshold when calculating /1, in
winter (density variation in winter is much more subtle, as shown by the gray dotted line in Figure 5b). The mixed
layer depth calculated from the temperature profile is not shown because it is equal to &, exactly for the
temperature-dominated stratification. As for £,, it is the depth where € decreases to an assumed background lever
(10™° W kg™1) and no longer being influenced by surface forcing. The value of the background dissipation is
chosen empirically based on the observed dissipation profiles and 10™° W kg™ is a typical value in practice. In
general, h, is the depth where the dissipation drops most rapidly but may defect due to the intermittency of
turbulence. Therefore, manual rectifications are needed for some profiles. For example, /2, marked by the red solid
line is more reasonable than that marked by the dashed line in Figure 5d.

The time evolutions of the four depths are compared in Figure 6. In the nighttime, the dynamics was simple, and
all depths coincided well with each other. Continuous cooling caused negative buoyancy flux at the sea surface
inducing gravitational instability, resulting in overturning (%,,) and homogeneous (%) regions. At the same time,
convective turbulence induced by the gravitational instability enhanced the TKE dissipation rate, as evident in the
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Figure 6. Time evolution of &, hy, h, and h,,,.

DCL. In the daytime, by contrast, there were clear differences in the four depths. First, there were no distinct
overturns detected during restratification, and 4, (close to 0, not shown) failed to represent the depth of DWL as
noted by Sutherland et al. (2014). Second, /, had an ~2.5 hr delay in the early morning compared with /. and /.
The stratification began to increase in the upper several meters when the heat (buoyancy) flux changed sign after
the sunrise, resulting in the formation of the DWL and made hy decrease quickly. At the same time, continuous
heating and enhanced stratification weakened the convective turbulence so that the dissipation rate decreased
immediately. However, the density change was smaller than the threshold (0.03 kg m™) at the base of the new
DWL in the early morning, so that the calculated %, could not recognize this shallower depth until the DWL got
robust enough in the late morning. Lastly, &, is slightly larger than &, or hy, especially in the afternoon. Unlike at
night, the source of turbulent kinetic energy during the day was related to wind mixing and the diurnal jet, which
means momentum from wind is trapped in a thin near-surface layer (Hughes et al., 2020a; Hughes et al., 2020b).
The shear turbulence was enhanced at the base of the shallow DWL, resulting in the larger &, during the daytime.
Obviously, the evolutions of diurnal mixing/mixed depth are controlled by different dynamic processes during the
daytime and nighttime, it is necessary to parameterize these depths separately.

3.4. Scaling the DWL Depth

Figure 7 shows the time evolutions of the observed depths (%, and &), diagnostic depths (D and D) and scaled
depths (L,,, and L) during the daytime of June 15 and 16. D, and D are reasonable depths to represent the depth
of DWL because they agreed well with A, in the morning and with £, in the afternoon. L,/ greatly underestimates
the DWL depth, while L is well consistent with &, and 1, (or Drand Dp) if multiplied by a constant. Therefore, L,
is a suitable proxy for the mixed layer depth under stable stratification as previous studies demonstrated (Noh &
Choi, 2018; Yoshikawa, 2015). Another advantage of L, is that only the wind and buoyancy flux are required to
calculate this depth. As a result, we adopt the established scaling aL, to represent the depth of DWL in this study.
Here, the constant a is estimated to be 1.2, for the observed depths (%, and h,,) is 1.2 times of L.

3.5. Scaling the DCL Depth

Nighttime cooling drove the deepening of the DCL and the decrease of SST in the upper 30 m (Figure 8). In order
to clarify the relationship among them, we adopt the Kraus-Turner type model (Dong & Kelly, 2004; Kraus &
Turner, 1967; Qiu & Kelly, 1993):

oh,,

ot
aTm QO —q (_hm) 2 ATWe
om0y, - VT, + A VAT - S
ot pOCphm B " hm (8)

+V-U, =A,V2h, +w,, @)
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Figure 7. Time evolution of &, h,, Dy, Dp, Ly, and L, during the daytime on 15-Jun and 16-Jun.
where h,, is the mixed layer depth and 7,, is the mixed layer temperature (or bulk SST). u,,, and U, are the
horizontal velocity and horizontal transport, respectively. A, is the horizontal eddy diffusivity, AT is the tem-
perature difference between the mixed layer and the layer just below the mixed layer, AT = SST - T,, where 7, is
the reference temperature in the remnant layer. The entrainment velocity w, is determined from the turbulent
kinetic energy balance (Kraus & Turner, 1967),
1 ;  ag [° agh,
508y VTw, = mou, +—— [ q(z)dz = (Qo + (=)
2 PoCpJ -, 2pocy
i ©
agiy,
mc4pocp(|Qo| Qo)
where m,, and m,. are constant coefficients. Following Davis et al. (1981) and Deardorff et al. (1969), we choose
my and m, to be 0.5 and 0.83, respectively.
In the nighttime, the entrainment velocity w, exhibited the same magnitude as the deepening rate of DCL
(Figure 9a). The advection term (—u,, - V7,,) and diffusion term (A, V>T) in temperature Equation 8 are relatively
small and generally negligible (see Appendix A for the justification). As shown in Figure 9, the temperature
tendency (d7,,/0f) can be balanced by the sum of heating (Q"p%(h_h'")) and entrainment (—%). The simplified
ol »
equations are
oh,,
—m_ 10
5 = e (10)
dT, ATw,
M _ D _Alwe (11)
ot p()cphm hm
Combing the above two equations, one derives the equation of the DCL depth £,
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Figure 8. Time evolution of (a) underway SST, surface temperature from CTD profiles, net heat flux (b) temperature at
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(a) indicates the trend of the minimum SST at each night. (c)—(e) Share the same legend.
dhy 1 dT, 0,
dt = AT dt " p,c,AT (12)
— wEp
PO ()
The general solution of Equation 12 is h,, = (fQ(1)e/ " “dt + C)e™/"™% When 1 = 1, (Q, reverses sign and the
ocean begins to lose heat), C = h, which is the initial depth formed in the late afternoon. Then, the deepening
DCL can be expressed as a function of AT and Q:
t 1 t
() = ( f 0(1) "% 41 4 h0> o hrod (13)
)
To eliminate the dependence of the temperature profiles when determining A7, we chose the minimum SST at last
night as T, (see Appendix B for a discussion of this choice). As shown in Figure 10, the scaled 4,, using both CTD
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Figure 9. Time series of (a) deepening rate (blue) and entrainment velocity (red) in Equation 7. (b) SST tendency (blue),
heating term (red), entrainment term (yellow) and the sum of heating and entrainment terms (purple) in Equation 8.
profiles and the underway data are well consistent with the observed mixing/mixed layer depths except the first
night, which may have been affected by the rainfall a few days ago (the density ratio R, was typically below 1).
We also calculate h,,g according to Equation 1, where Ntzh =1 x 10~ s™% is the average buoyancy frequency
(a) O T
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Figure 10. Comparison of observed MLD/XLD with scaled #,,, which the AT from (a) temperature profiles and (b) SST,
respectively. Gray dot in (b) indicates the /.
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squared of the diurnal thermocline during the nighttime (Figure 4c). Here, the mixed layer depth in the late af-
ternoon, that is /), is used as the initial condition for 4,,s. Evidently, s,,; underestimates the mixing/mixed layer
depth in the nighttime (Figure 10b).

4. Summary

The diurnal cycling of the mixing/mixed layer depth in summer and winter was comparatively studied based on
field observations during two cruises in the central South China Sea. Furthermore, we studied the response of
diurnal mixing/mixed layer depth to the external forcing (wind and solar heating) and derived a functional
relationship for the case when the stratification was dominated by the temperature and the horizontal transports
were relatively small.

Although the diurnal cycling of turbulence and stratification was observed in both summer and winter, there were
clear differences between them. In winter, the surface water obtained less solar shortwave radiation, and the
stratification and warm layer were not as stable as summer. As a result, the nighttime convection could quickly
destroy the relatively weak stratification and the diurnal convective layer quickly deepened to the bottom of the
seasonal mixed layer. In summer, by contrast, the diurnal warm layer absorbed more heat during the daytime. The
strong stratification limited the maximum depth of downward development of nighttime convection and the
maximum depth of the diurnal convective layer could not reach the bottom of the seasonal mixed layer. In
addition, the amplitude of diurnal SST variability in winter was not as strong as in summer and the stratification
was controlled by both the salinity and temperature, not completely controlled by the temperature as in summer.
These are the main reasons why the scaling Equation 13 derived from the temperature equation is not suitable for
the winter cruise.

Considering the different external forcing and dynamics during the daytime and nighttime, we proposed a
piecewise function to represent the response of the mixing/mixed layer depth to diurnal external forcing,

alL, ,(daytime)

(1) = (14)

t ' ' )
( f @) ejf; Pmd’dt + h0> e_f‘o Pl ,(nighttime)
I

where L, = ui/(fKBO)I/Z, P(t) = 3 Dx = 41n (AT) and Q1) = /)ogﬁ’ the constant ¢ = 1.2, hy is the stable

warm layer depth in the late afternoon. Strictly speaking, the scaled £,, here is the proxy of mixing layer depth (/,)
as shown in Figure 10b. Considering the dynamic relationship between mixing and mixed layer depth, we can use
Equation 14 to represent both.

5. Discussion

The diurnal cycle of the mixed layer was essentially the alternation of the diurnal warm layer and convective
layer, which was mainly driven by daytime warming and nighttime cooling, respectively. Under stable stratifi-
cation conditions in the daytime, the wind-induced shear contributed to turbulence generation in the diurnal warm
layer and the thickness of this layer could well be scaled by L, following previous studies (Noh & Choi, 2018;
Yoshikawa, 2015). In the nighttime, the deepening of a mixed layer based on the afternoon warm layer (h,) could
be derived from the simplified one-dimensional heat balance. From the simplified temperature Equation 11, there
are two processes accounting for the evolution of the accumulated heat in surface seawater. On the one hand, the
surface water loses heat leading to a decrease in the SST (heating term). On the other hand, the overturning
entrains the colder water in the remnant layer just below and induces downward heat fluxes (entrainment term).
Compared with Equation 11, Equation 1 further ignores the entrainment term when the buoyancy flux is
dominated by heat flux. In fact, the heating and entrainment terms had equal contributions to temperature ten-
dency (Figure 9b), which is why Equation 1 underestimates the diurnal convective layer depth (Figure 10b).
Through Equation 14, we can estimate the diurnal mixing/mixed layer depth by time-dependent (bulk) SST,
surface net heat flux, and wind stress, which are easier to obtain than the CTD or dissipation profiles. However, it
is only available when the density stratification is dominated by the temperature since Equation 14 is derived from
the temperature equation. For example, the stratification was dominated by the salinity on June 15, so that the
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estimated h,, is inconsistent with the observed h, and h, on the first night (Figure 10). Besides, it will not work
either when the horizontal transport is significant as the simplified equation ignores the advection term.

Under moderate (or weak) wind and clear days in the tropical open ocean, daytime heating and nighttime cooling
are the dominant factors in controlling the mixing/mixed layer depth. However, the surface mixed layer is also
affected by other processes, such as rainfall events, Langmuir circulation, frontal process, and so on. To better
understand the diurnal evolution of the surface mixed layer, more targeted observations (which can resolve more
dynamic processes) should be investigated, as well as high-resolution numerical simulations.

Appendix A: Assessment of the Contribution of Advection

We evaluated the contribution of the advection term (—u,, - VT,,) in the temperature Equation 8 through the two
orthogonal transects after completing the time series observations. Figure A1 shows the temperature and velocity
sections, as well as the average value of the upper 30 m. The magnitude of the advection term is about 1 x 107°C/s,
which is close to the result based on CMEMS (Copernicus-Marine Environment Monitoring Service) reanalysis
data (not shown). Compared with other dominant terms (Figure 9b), the contribution of advection terms is rela-
tively small and can be ignored. The diffusion term (A, V>T) is much smaller and not considered.

30.15 30.2 30.25 30.3 30.35 30.4

L R (Y

r30.2

Food +30.1
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Figure Al. Transects of (a) temperature and (b) velocity. The blue cycle and dot-line indicate the upper 30 m averaged
temperature 7, and velocity u,, , respectively. Blue dot in (a) indicate the underway SST. Refer to Figure 1 for the location of
transects.
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Appendix B: Determination of the Reference Temperature

The reference temperature 7, is the key factor to determine A7, which is the dominant factor in Equation 14. As a
result, the parameterized h,), is sensitive to T',. As shown in Figure B1, we have carried out several sensitivity tests
on reference temperature. Strictly speaking, 7, is the temperature in the remnant layer. However, 7, can be
approximated from SST if we do not have the temperature profile. In ideal conditions (ignore the advection
effect), the remnant layer comes from the DCL before the shallow DWL cap exists at the surface. As a result, 7,
can be represented as the minimum SST just before the last sunrise. Considering that the lowest SST had a trend of
0.03°C/day in three nights (gray dashed line in Figure 8a), we chose 7, = min (SST) — 0.03 (the minimum SST of
the previous night) as the reference temperature in this study.
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Figure B1. Calculated £,, with different reference temperature T,.
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