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ABSTRACT

The variability of the upper water hydrographic structure, the efficacy of the dif-
ferent schemes for estimating the mixed layer depth (MLD), the inter-comparability
estimation of the MLDs and diurnal and intra-annual MLD climatology in the tropi-
cal waters in the northern South China Sea were accessed in 702 depth-profiles of po-
tential temperature (0) and salinity collected in 64 cruises between 17.5 and 18.5°N
and 115.3 and 116.3°E from 1997 to 2013. The hydrographic structure may be sub-
divided into three principal types: the classical type, with quasi-isopycnal surface
mixed layer followed by an abrupt increase in the depth-gradient in 0 and potential
density (0y) to mark the MLD; the stepwise type, with one or more small stepwise
decreases in 0 and/or increases in g, in the mixed layer; and the graded type, with a
general decrease in 0 and increases in o, with depth into the main pycnocline without
a clear break to mark the MLD. These three types of upper waters were found in 75,
10, and 15% of the cruises. Out of the 10 schemes for estimating the MLD, only the
fixed temperature difference method of 0.5 and 0.8°C from the 10-m temperature
yielded consistent results, with root mean square error and mean absolute percentage
difference of 2 m and 2%. MLD varied diurnally with an average standard deviation
of 4 m from the mean. The monthly average MLD reached a maximum of 80 m in

December/January and dropped to a minimum of 25 m in May.

1. INTRODUCTION

The mixed layer, the thin, nearly isopycnic surface
layer, is a distinct and important sub-environment in the
world’s oceans. It separates the atmosphere from the deep
ocean, and thus, modulates, if not regulates to a significant
extent, the exchange of energy, momentum and matter be-
tween the two (Lukas and Lindstrom 1991; Brainerd and
Gregg 1995; Dong et al. 2008). For example, the deep ocean
is a vast geochemical reservoir containing an immense
quantity of carbon dioxide, more than an order of magni-
tude higher than that in the atmosphere and the mixed layer
combined. This carbon dioxide cannot escape readily to the
atmosphere (Maier-Reimer and Hasselmann 1987; Sabine
and Tanhua 2010). Yet, the effective sequestration of an-
thropogenic atmospheric carbon dioxide in the deep ocean
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is limited by the amount of carbon dioxide that can bypass
the mixed layer and reach the deep ocean, as much of it
stays in the mixed layer where it may be released back into
the atmosphere (Ducklow et al. 2001). The environmental
conditions in the mixed layer are also starkly different from
those in the deep ocean. The mixed layer is well lit, warm,
depleted in nutrients and high in the concentration of parti-
cles. It is biogeochemically much more dynamic and diverse
than the deep ocean and it is the site where photosynthesis is
possible (Ducklow et al. 2001).

The mixed layer thickness, or the mixed layer depth
(MLD), is a primary mixed layer characteristic that deter-
mines its reservoir size and its effectiveness in isolating
the deep ocean from the atmosphere, and it is frequently a
necessary input parameter in geochemical modeling exer-
cises. Many criteria have been used for defining the MLD.
The more widely used methods basically fall under four
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general categories: (1) fixed temperature difference (FTD)
methods - the depth at which the potential temperature, 0,
has decreased by a prescribed amount relative to a refer-
ence depth, preferably the sea surface; (2) fixed density dif-
ference (FDD) methods - the depth at which the potential
density, 0y, has increased by a prescribed amount relative
to a reference depth, again preferably the sea surface; (3)
fixed temperature gradient (FTG) methods - the depth at
which the gradient in 0 with depth z, 66/8z, has increased
to a prescribed value; and (4) fixed density gradient (FDG)
method - the depth at which the gradient in o, with depth,
00,/dz, has risen to a prescribed value. The prescribed val-
ues that have been used varied, for example, a drop in 6 of
0.2 (Thompson 1976), 0.5 (Price et al. 1986; Kelly and Qiu
1995; Obata et al. 1996; Monterey and Levitus 1997), 0.8
(Kara et al. 2000; Qu et al. 2007) or even 1.0°C (Lamb 1984;
Wagner 1996), an increase in 0, of 0.125 or 0.13 0, unit
(Miller 1976; Levitus 1982; Spall 1991; Huang and Russell
1994), an increase in -06/0z to 0.05°C m™' (Qu 2001; Hao
et al. 2012) and an increase in 80,/0z to 0.01 (Lukas and
Lindstrom 1991), 0.05 (Tseng et al. 2007) or 0.1 0g unit m-!
(Tseng et al. 2005; Wong et al. 2007a, b) in the FTD, FDD,
FTG, and FDG methods, respectively. The reference depths
used include the sea surface (Miller 1976; Thompson 1976;
Levitus 1982; Lamb 1984; Price et al. 1986; Spall 1991;
Huang and Russell 1994; Kelly and Qiu 1995; Obata et al.
1996; Wagner 1996; Monterey and Levitus 1997) and 10
m below the sea surface (Kara et al. 2000; Qu et al. 2007).
Nevertheless, in all of these schemes, a certain amount of
subjectivity exists, or even arbitrariness, involved in the se-
lection of criterion for defining the MLD. In some cases, the
choices may have been dictated by data availability such as
the lack of sea surface values. Each of these approaches has
its merits and weaknesses and may not be universally ef-
ficacious. For example, while the FTD methods are appeal-
ing because the needed data are more widely available as
even bathythermographic records will be sufficient for the
purpose, the nearly isopycnic mixed layer is not invariably
isothermal and isohaline. In cases when there is a salinity
structure in the mixed layer, a barrier layer may exist and
the FTD method may not then be suitable for estimating the
MLD (Miller 1976; Lukas and Lindstrom 1991; Sprintall
and Tomczak 1992; Montégut et al. 2004). The FDD meth-
od reflects the formation physics of the mixed layer more
closely but the salinity data, which are required for estimat-
ing density, are not as readily available as the temperature
data. The FDG method circumvents the need of a reference
depth but it again requires salinity data and it also involves
additional data processing. Other algorithms for estimating
the MLD have been proposed (Lewis et al. 1990) but they
are not yet widely used. Among them, the maximum den-
sity gradient (MDG) method (Zawada et al. 2005), in which
MLD is defined as the depth at which d0¢/dz reaches the
maximum value, seems especially interesting since it cir-

cumvents the need for specifying a reference depth but also
a prescribed threshold value. Thus, discussions on defining,
characterizing and modeling the MLD are still ongoing and
there is not yet a universally accepted practice for determin-
ing the MLD.

Vertical mixing induced by advective overturn resulted
from heat exchange at the sea-surface and by wind action are
two primary mechanisms that control the MLD. In the tropi-
cal ocean, both processes can be less effective. As a result,
MLD generally tends to decrease with decreasing latitude,
and, the seasonal variations in MLD in the tropical waters
tend to be smaller (Monterey and Levitus 1997; Montégut
et al. 2004). As a part of several studies for diverse pur-
poses, the MLD in the tropical northern South China Sea
(SCS) has been estimated by various investigators using a
variety of different methods: a FTD method with a drop in
0 of 0.8°C relative to that at 10 m (Qu et al. 2007); a FTG
method at a temperature gradient of 0.05°C m™ (Qu 2001;
Ge et al. 2003; Hao et al. 2012); a FDG method at den-
sity gradients of 0.05 (Tseng et al. 2007) or 0.1 G, unit/m
(Tseng et al. 2005, 2009; Wong et al. 2007b). Wong et al.
(2007b) reported that, unlike what is expected in tropical
waters, the MLD in the northern SCS varies over a rela-
tively wide range seasonally, from 20 m in the summer to
90 m in the winter. Nevertheless, the justifications for the
choice of method used for estimating the MLD in these
studies were not clearly discussed and the inter-compara-
bility among these reported MLDs have not been assessed.
In the Southeast Asian Time-series Study (SEATS), repeti-
tive conductivity-temperature-depth (CTD) profiling data in
high depth-resolution at a station at around 18.2°N, 115.7°E
in the tropical northern SCS have been collected over the
years since 1999. In addition, other Taiwanese investigators
have also collected CTD profiling data through profiling in
the vicinity of the SEATS station at other times. These data-
sets are pooled here in order to examine the variability in the
hydrographic structure in the upper water, to assess the rela-
tive efficacies of these algorithms for estimating the MLD
and the inter-comparability of the estimated values, and to
establish in greater detail the MLD climatology in the diur-
nal and intra-annual time scales in these tropical waters.

2.DATA AND METHODS

2.1 The Study Area - The Southeast Asian Time-Series
Study (SEATS) Site

The SEATS station is located nominally at 18°N, 116°E
in the northern SCS in 3800 m of water (Fig. 1). Its exact
location has varied between 17.9 and 18.4°N and 115.4 and
116.1°E. Since 2000 its location has been confined at 17.9 -
18.4°N and 1154 - 115.7°E (Wong et al. 2007a). The SCS
is the largest marginal sea in the tropics. It stretches from
about 23°N at the southern coast of the Taiwan Island and
the Chinese Mainland to 3°S at the coasts of Borneo and
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Sumatra in the tropical zone, and from 102°E along the east
coast of the Malaysian Peninsula to 121°E along the western
coasts of the Philippine Islands. Its maximum depth can ex-
ceed 5000 m. The northern SCS constitutes the northern half
of the SCS north of about 13°N. It is connected to the East
China Sea to the north through the shallow Taiwan Strait,
with a sill depth of about 40 m, and to the northwestern
Pacific to the east through the only deep channel to the SCS,
the Luzon Strait, with a sill depth of about 2200 m (Sprintall
et al. 2012). The northern SCS is filled with four princi-
pal water masses: the mixed layer water, the saline Tropi-
cal Water and the fresher North Pacific Intermediate Water
whose cores appear as a salinity-maximum at 100 - 150 m
and a salinity-minimum at 400 - 500 m respectively, and,
the highly homogeneous deep water which fills the SCS ba-
sin below ~2000 m. The MLD in the northern SCS is rather
shallow and variable. Most of the year, it is about 20 - 40 m.
In the winter, it can reach as deep as almost 100 m (Wong et
al. 2007b). Thus, in much of the year, the mixed layer wa-
ter can exchange rather freely with those in the East China
Sea and the northwestern Pacific. The remaining three sub-
surface water masses all originate from the north Pacific and
they find their way into the northern SCS through the Luzon
Strait (Shaw 1989, 1991; Qu et al. 2000). In the upper wa-
ter, mixing with the Tropical Water is an important control
on the mixed layer water composition (Tseng et al. 2007).
During the exchange of water between the Philippine Sea
and the SCS through the Luzon Strait, some of the strongest
internal waves in the world are generated at the bottom of
the mixed layer (Liu et al. 1998; Liu and Hsu 2004; Ramp
et al. 2004). These waves propagate primarily westward and
cover a large portion of the northern SCS but the SEATS
station is located outside of their major propagation path-
ways (Zhao et al. 2004).

2.2 Data from the SEATS Station

The SEATS station has been occupied in mostly sea-
sonal to biannual intervals since 1999. The data obtained
between 1999 and 2013 are used in this study. During this
period of time, the station was occupied 43 times aboard the
R/V Ocean Researcher I, the R/V Ocean Researcher III or
the R/V Fishery Researcher I. A listing of the time for each
of these station occupations is given in Table 1. During each
station occupation, the vertical temperature and salinity dis-
tributions were recorded repeatedly with a SeaBird model
SBEY/11 conductivity-temperature-depth (CTD) profiling
recorder once every 1 to 3 hr over a time period of at least
24 hr whenever the sea-state permitted.

2.3 Data from the Vicinity of the SEATS Station

Between 1997 and 2009, 21 additional stations were also
occupied between 17.5 and 18.5°N and 115.3 and 116.3°E
aboard R/V Ocean Researcher I or R/V Ocean Research III.
They covered an area within approximately 0.5° from the
SEATS station. During each occupation of these stations,
the temperature and salinity distributions were recorded in
a single pass-through with a SeaBird model SBE9/11 CTD
profiling recorder. These data were made available to this
study by the Ocean Data Bank of the Ministry of Science
and Technology, Taiwan (http://www.odb.ntu.edu.tw) that
is maintained by the Institute of Oceanography, National
Taiwan University. The timings for these station occupa-
tions are also listed in Table 1.

2.4 Estimations of MLD

The MLDs during the station occupations was
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Fig. 1. The study area. The box indicates the area within which the data were used in this study. SEATS - Southeast Asian Time-series Study station.
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Table 1. Station occupation statistics at the SEATS station and its nearby waters.
Year | January February March April May June July August September October November December | Annual total
1997 0 0 0 1(0/1) 0 1(0/1) 0 0 0 1(0/1) 0 0 3(0/3)
1998 0 0 0 0 1(0/1) 1(0/1) 0 0 0 0 0 0 2 (0/2)
1999 0 0 0 1(0/1) 0 0 0 1(0/1) 2 (1/1) 0 1 (1/0) 1(0/1) 6 (2/4)
2000 | 1(1/0) 0 2 (1/1) 0 1 (1/0) 0 2 (2/0) 0 0 1 (1/0) 0 0 7 (6/1)
2001 0 1 (1/0) 1(0/1) 0 0 1 (1/0) 0 0 0 2 (1/1) 0 1 (1/0) 6 (4/2)
2002 0 0 2 (1/1) 0 0 0 1.(1/0) 0 1 (1/0) 1 (1/0) 1 (1/0) 0 6 (5/1)
2003 | 1(1/0) 0 1 (1/0) 0 0 0 1(0/1) 1(1/0) 0 1. (1/0) 0 1 (1/0) 6 (5/1)
2004 0 0 1(1/0) 0 1(1/0) 1(0/1) 0 1 (1/0) 0 0 1(1/0) 0 5 (4/1)
2005 | 1(1/0) 0 1 (1/0) 0 0 0 1 (1/0) 0 0 0 1 (1/0) 1 (1/0) 5 (5/0)
2006 0 0 0 0 0 1(0/1) 2(1/1) 1(0/1) 0 1 (1/0) 0 0 5(2/3)
2007 | 2(2/0) 0 0 0 0 0 1 (1/0) 0 0 1 (1/0) 0 0 4 (4/0)
2008 0 0 0 0 1.(0/1) 0 0 0 0 0 0 1.(0/1) 2 (0/2)
2009 0 0 0 0 0 0 1.(0/1) 0 0 0 0 0 1(0/1)
2010 0 0 0 0 0 0 0 0 0 1 (1/0) 0 0 1 (1/0)
2011 0 0 0 0 0 0 0 0 0 0 0 1 (1/0) 1 (1/0)
2012 0 0 0 0 0 0 0 1 (1/0) 0 0 0 0 1 (1/0)
2013 0 0 0 1 (1/0) 0 0 0 0 0 1 (1/0) 0 1 (1/0) 3(3/0)
Total | 5(5/0) 1(1/0)  8(5/3) 3(1/2) | 422) | 5(1/4) 9(6/3) 5(3/2) 3(2/1) 10 (8/2) 4 (4/0) 7(5/2) 64 (43/21)
Northeast monsg;)xz ;i\ig;ember - April): (leiy): Southwest monzs;)(zlll 2(/Jlu(;1)e - September): {) (S,g?tlo(; (Nli 312;118: _mAOII:rsi(]))o:nZS
4(2/2) (8/2) (21/7)

determined from CTD data using ten schemes: namely,

MLDy,, MLDy5, MLDg, MLDy g, MLD,, MLDyg, MLD g,

MLD,gs, MLDgg19, and MLD,,4,. These ten schemes may

be subdivided into four groups and their definitions are de-

scribed as follows:

(1) Fixed temperature difference (FTD) schemes (Thomp-
son 1976; Kelly and Qiu 1995; Wagner 1996; Kara et al.
2000): The reference temperature at 10 m, T, was deter-
mined. The temperatures at successively greater depths
were compared to this T, until a difference of 0.2. 0.5,
0.8, and 1.0°C was found. These depths were designated
as the MLDy,, MLDys, MLD1g, and MLDy,, respectively.

(2) Fixed density difference (FDD) scheme (Levitus 1982;
Huang and Russell 1994): The potential densities at
increasing depths in the sub-surface were compared to
that, Opgen, at 10 m. The depths at which the o, had ex-
ceeded Ogen by 0.125 0g unit was designated as MLD,,.

(3) Fixed temperature gradient (FTG) scheme and fixed
density gradient (FDG) schemes (Lukas and Lindstrom
1991; Qu 2001; Tseng et al. 2005, 2007; Wong et al.
2007b; Hao et al. 2012): The depth distributions in 6 and
0y were smoothed by using a five-point moving average.
The temperature and density gradients were then esti-
mated down the water column in successive 2-m depth
intervals. The MLD is the depth at which the temperature
gradient first reached 0.05°C m™! or the density gradient

first reached 0.01, 0.05 or 0.1 0, unit/m and they were
designated as MLDgyg, MLD,g,, MLD s, and MLD 0,
respectively.

(4) Maximum density gradient (MDG) scheme (Zawada et
al. 2005): After the o, profile was smoothed using a five-
point moving average, the density gradient was com-
puted down the water column at successive 2-m depth
intervals. The MLD is the depth at which the maximum
value was found and it was designated as MLD,q,.

2.5 Comparison Among Methods

Since MLDy; have been used widely for estimating
MLD in the global oceans (Kara et al. 2000) and in the
South China Sea (Qu et al. 2007), it is used here as the refer-
ence value for evaluating the performance of other methods.
The performance of other MLDs is evaluated using the root
mean square error (RMSE) and the mean absolute percent-
age difference (MAPD) relative to the exact correspondence
such that:

RMSE =[¥(MLD, - MLD, */n]"/?

MAPD (%) = 100{3]| (MLD, - MLD,)|/MLD, ]} /n M

Here, n is the number of occurrences; MLD, and MLD,
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are the MLD from any of the other nine methods and the
corresponding MLD4 respectively. Furthermore, in order to
take constant methodological biases into account, the per-
formance of the other methods is also evaluated using the
RMSE and the MAPD relative to the best-fit line in a Model
IT regression analysis between the MLDs from one of the
other nine methods and the corresponding MLD .

When multiple CTD profiles were available during
the station occupation in a given cruise, the profile with the
MLD;4 closest to the average MLDy in all of the profiles
was used for the comparison among the methods and for
evaluating the MLD seasonal climatology. The other pro-
files collected at the station during the cruise were used for
evaluating the diurnal variability.

2.6 Remotely Sensed Data

The Optimum Interpolation (OI) daily average sea
surface temperatures (SST; version 2), between 17.5 and
18.5°N and 115.3 and 116.3°E from 1997 to 2013, col-
lected by the Advanced Very High Resolution Radiometer
(AVHRR) and the corresponding daily average wind speeds
generated by blending observations from multiple satellites
(Zhang et al. 2006), both with a spatial resolution of 0.25 x
0.25°, were downloaded from the National Climatic Data
Center (NCDC) webpages (http://www .ncdc.noaa.gov/sst
and  http://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.
html) of the NOAA. The values on the sampling dates dur-
ing the cruises were used for calculating the monthly aver-
ages during those dates.

3. RESULTS
3.1 Statistics of Data Availability

Stations were occupied in 64 cruises between 17.5 and
18.5°N and 115.3 and 116.3°E over 16 years between 1997
and 2013 (Table 1). Forty three or 67% of these occupations
were part of the SEATS where repeated salinity and tem-
perature profiles were generally available. As a result, data
from a total of 702 CTD casts were available for examina-
tion. Stations were occupied during all of the years and in
all the months of the year. Among the years, the number of
occupations per year ranged between one in 2009 to 2012
to seven in 2000. Among the months, with the exception of
the month of February when the station was occupied only
once, there were at least three occupations in each of the
other eleven months. The maximum number of occupations,
ten, was found in October. A total of 28, 22, 4, and 10 oc-
cupations occurred during the northeast monsoonal season,
the southwest monsoonal season, and, in May and in Octo-
ber in the inter-monsoonal periods, respectively (Tseng et
al. 2005; Wong et al. 2007b; Pan et al. 2015). Thus, all the
seasons were reasonably well sampled through the years so
that the statistics estimated from this data set may be evalu-

ated with some confidence

3.2 Principal Types of Density and Thermal Structures
in the Upper Waters at SEATS

A noticeable structural characteristic in the vertical dis-
tributions of 0 and oy in the upper waters at the SEATS site
from the sea surface to the Tropical Water core in the perma-
nent thermocline and pycnocline was its diversity, ranging
not just from a thicker to a thinner mixed layer as expected in
response to seasonal cooling, warming and changes in wind
speed but also from the presence to absence of a clearly de-
finable mixed layer. These hydrographic structures may be
sub-divided into three principal types: the classical type, the
stepwise type, and the graded type. Representative examples
of the profiles of 0, salinity and o in these three types of up-
per waters are shown in Figs. 2a - c. In all cases the 0 and o
distributions usually resemble mirror images of each other.
On the other hand, while the salinity distribution is in general
similar to that of o, (Fig. 2a), on occasion, they can diverge
from each other in some depth intervals (Figs. 2b and c),
suggesting that the changes in 0y is controlled primarily by
changes in temperature rather than salinity.

In a classical type hydrographic structure (Fig. 2a); a
surface mixed layer with almost no to a gentle depth-gra-
dient in 6 and oy overlies the main thermocline and pycno-
cline. The boundary between the mixed layer and the un-
derlying thermocline or pycnocline is clearly marked by an
abrupt change in the depth-gradients. While the variations
in O and 0, in the surface mixed layer usually do not ex-
ceed 0.8°C and 0.125 oy unit respectively, the widely-used
threshold-values for defining the mixed layer (e.g., Miller
1976; Levitus 1982; Huang and Russell 1994; Kara et al.
2000), they can be exceeded occasionally. In the stepwise
type (Fig. 2b), one or more small stepwise decreases in 0
and/or increases in 0y can be found in the surface mixed
layer above the main thermocline and pycnocline. Thus, the
surface mixed layer is made up of approximately isothermal
and/or isopycnic sub-layers or sub-layers with gentle depth-
gradients in 0 and 0,. The sum of these stepwise decreases in
0 or increases in 0y can exceed 0.8°C and 0.125 oy unit. The
graded type (Fig. 2c¢) is characterized by a gradual decrease
in 0 and increase in 0g with depth into the main thermocline
and pycnocline. An abrupt change in the depth-gradients to
mark the boundary between the mixed layer and the main
thermocline or pycnocline is not clearly evident so that the
MLD cannot be readily defined. In some cases, the decrease
in O and increase in oy with depth are punctuated with one
or more cusp-shaped segments indicating slightly steeper
changes with depth (Fig. 2d). The occurrence of the graded
type hydrographic structures in the upper water of the north-
ern SCS has not been widely reported or recognized.

The type of upper water found during each cruise is
listed in Table 2. The classical, stepwise and graded types
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Fig. 2. The distributions of 0, salinity and o, in the principal types of hydrographic structures found in the upper water at the SEATS station and its
vicinity, (a) classical type on 3 December 1999; (b) stepwise type on 17 January 2000; (c) graded type on 15 May 1998; (d) a variant of the graded
type on 14 March 2000.

Table 2. Statistics for the types of hydrographic structures in the mixed layer.

Year | January February March April May June July August September October November December I(Ar)mual ’::)pe Tot(al)
a c
1997 - - - c - a - - - a - - 2 0 1
1998 - - - - c a - - - - - - 1 0 1
1999 - - - a - - - b a,a - a a 5 1 0
2000 b - b,c - a - a,b - - a - - 3 3 1
2001 - a c - - a - - - a,a - a 5 0 1
2002 - - a,a - - - c - a a a - 5 0 1
2003 b - c - - - a c - a - a 3 1 2
2004 - - c - a a - a - - a - 4 0 1
2005 a - a - - - a - - - b a 4 1 0
2006 - - - - - a a,a a - a - - 5 0 0
2007 a,c - - - - - a - - a - - 3 0 1
2008 - - - - a - - - - - - a 2 0 0
2009 - - - - - - a - - - - - 1 0 0
2010 - - - - - - - - - a - - 1 0 0
2011 - - - - - - - - - - - a 1 0 0
2012 - - - - - - - a - - - - 1 0 0
2013 - - - c - - - - - a - a 2 0 1
Monthly Type Total Type Total

(a) 2 1 3 1 3 5 7 3 3 10 3 7 (7?%)

(b) 2 0 1 0 0 0 1 1 0 0 1 0 a 06 %)

(c) 1 0 4 2 1 0 1 1 0 0 0 0 10

(15%)
Northeast monsoon I Southwest monsoon I Northeast Monsoon
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were found in 48, 6 and 10 or 75, 10, and 15% of the cruises
respectively. Thus, although the classical type was by far the
most prevalent and could be found throughout the year, the
occurrences of the remaining two atypical minor types were
clearly not negligible. There was no clear seasonality in the
stepwise type. In 5 out of the 6 cases, the stepwise density
and temperature structures coincided well with each other.
In the remaining case, the stepwise density structure was
accompanied by a basic isothermal mixed layer, indicating
that temperature changes did not contribute to the density
structure formation. Instead, the stepwise density structure
could be traced to the presence of a sub-layer of slightly
more saline water overlying the main thermocline and py-
cnocline as found on 21 January 2003 (Fig. 3). This phe-
nomenon was similar to the barrier layer, which has been
found in other parts of the oceans (Kara et al. 2000). Based
on the present data-set, it would be difficult to pinpoint the
cause of these atypical hydrographic structures as the data
were collected essentially at a single location so that the
advective process effects, if any, cannot be taken into con-
sideration. Aside from advection, conceivably, a stepwise
hydrographic structure may be formed by the interleaving
of a cooling episode with stronger vertical mixing with a
warming episode with weaker vertical mixing.

In contrast, the graded upper water was found almost
exclusively between March and August during the surface
water progressive warming period under generally weaker
wind throughout the year (Tseng et al. 2007; Pan et al. 2015).
Vertical mixing is minimized under this combination of en-
vironmental conditions. Small scale processes such as eddy
diffusion may become the major mechanism for the transfer
of heat from the sea surface to the sub-surface and this may
result in the graded type of upper water. Conceivably, if the
warming period is punctuated by more effective vertical
mixing events, such as strong wind events, the cusped shape
segments in the density and temperature profiles may then
be found. Whether the stepwise and graded types of upper
water are transitory or sufficiently permanent to be repre-
sentative of the climatological monthly or seasonal charac-
teristics of the upper water is uncertain. The predominance
of the classical type throughout the year tends to suggest
that the two minor types may be transitory as there may be
sufficient periods of effective vertical advective mixing by
wind and/or cooling during the seasons to transform the mi-
nor types into the classical type of upper water. Nonethe-
less, given the low sampling frequency in the present data-
set, neither possibility can yet be definitively ruled out.

3.3 Estimating ML D at the SEATS Station and Its
Vicinity - Methodological Dependence

3.3.1 Classical Type Upper Water Hydrographic
Structure

Out of the ten methods for estimating MLD, MLD

could not be estimated as MLD,gs and MLD g, in the clas-
sical type upper water in 1 and 4 out of the 49 cruises as the
density gradient never reached the prescribed value. Thus,
for their lack of universal applicability, these methods are
not recommended for MLD estimation in these tropical wa-
ters. However, in those cases where MLD,gs and MLD
could be determined, they did correlate reasonable well
with MLDyg, especially when a constant offset was allowed
(Fig. 4; Table 3). The relationships between MLDyg and
the MLD obtained from the remaining seven methods are
also shown in Fig. 4. Among these seven methods, MLDxs,
MLDy,y, and MLDgy; were more consistent with MLDy.
Most of the data points fell within +5 m and no data point
fell outside of +20 m of the 1:1 line. The RMSE-s were %3,
+2, and +6 m respectively while the corresponding MAPD-s
were 5, 3, and 12% (Table 3). These values were relatively
small and indicate that these four methods yielded similar
MLDs. The correspondence improved when a constant
offset was allowed in a Model II regression analysis as the
RMSE-s relative to the best-fit lines were reduced to +2, +2,
and +4 m respectively while the MAPD-s were reduced to 4,
2, and 5%. The best-fit lines yielded slopes of 1.01 +0.02,
1.00 £0.01,and 0.98 +£0.03, intercepts of -2+ 1,1 £ 1, and
-3 + 1 m, and correlation coefficients of 0.99, 1.00, and 0.98
for MLDys, MLDyyo, and MLDgg respectively (Table 3). All
of the slopes included unity within the statistical uncertain-
ties while the intercepts were equal to or only slightly larger
than the statistical uncertainties, indicating that once a small
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Fig. 3. The distribution of potential temperature 0, salinity and o, on
21 January 2003 when a stepwise type mixed layer was found.



1026 Tai et al.

100 - 100 - 100

// // /| // 4
— L — S ’g o
E 7z E 7/ )/ -~ 7, 7
\-; /// //0 ° \l.{/': /// /// o /// ///

Dl— 50 & o B D‘- 50 R A B = 50 1 o, B
4 2 7 4 D 7, 7
| y A o - 4 — Y 4
= ‘&°° = 7% > e s
4 7 0 4 7z 4 s
7/ 7/
0 - 0 - 0 ‘
100 - 100 - 100 -

// 7 // 4 —_ // A
= VY = . £ /%%
é /// & é /// 76 -~ /// /

70 7 -
250 olf - 50 &7 L Qs g |
9 /// 4 = /// 9 /7
(-]
E /// ” § /// //go E /// o °
7 7/ 7
0 - 0 - 0 ‘
100 — 100 22 . ° 100
- Pz S = P4
g ////// - ////// é o //////
0 ’ ° = . 2 [=} VY o
® 50 (5 - @ s @ - B 50 N -
[a) VA o s [a) "
— 7 7 - 9 7
s 4 - s A4 s s v
= A = A S
0 - 0 - 0 :
0 50 100 0 50 100 0 50 100
MLD-g (m) MLD-g (m) MLD+g (m)

Fig. 4. Relationships between the other nine MLDs and MLDyy in the classical type mixed layer. Solid line: 1:1 line; short dashed line: £10 m from
1:1 line; red long dashed line: best fit by Model II regression analysis. Dots above the upper axis of the figure indicate MLD g at which MLD s and/
or MLDg,, could not be estimated. (Color online only)

Table 3. Model II linear regression analyses results relative to MLDyy.

Type Statisitcal Parameter | MLD;, MLD,; MLD;,, MLDy MLD, MLD,;, MLD";s MLD", MLD,,,
A -5 -2 1 -3 -2 -6 -3 -1 3
B 0.96 1.01 1.00 0.98 0.94 0.98 1.01 1.04 1.02
O, 3 1 1 1 2 2 2 2 2
Op 0.05 0.02 0.01 0.03 0.04 0.04 0.03 0.04 0.04
. Y 0.92 0.99 1.00 0.98 0.96 0.96 0.98 0.97 0.96
Classical
RMSE, (m) 11 3 2 6 8 9 5 5 7
MPD, (%) 14 5 3 12 11 18 10 8 11
RMSE, (m) 8 2 2 4 6 6 5 5 6
MPD, (%) 19 4 2 5 11 13 5 8
N 48 48 48 48 48 48 47 44 48
A -33 =22 2 -35 -21 -13 -9 7 -5
B 1.17 1.07 1.00 1.17 0.94 0.66 0.99 0.89 0.99
[N 19 19 1 19 16 10 22 1 23
Op 0.32 0.31 001 0.32 0.26 0.17 0.36 0.02 0.37
. v 0.73 0.70 1.00 0.73 0.73 0.78 048 1.0 0.39
Stepwise
RMSE, (m) 28 23 2 30 28 34 22 3 22
MPD, (%) 46 32 3 49 45 58 14 5 21
RMSE, (m) 16 16 1 16 13 8 19 1 21
MPD, (%) 55 40 1 61 41 30 49 2 50
N 6 6 6 6 6 6 6 4 6
A -8 -4 1 -7 -5 -9 -3 -1 2
B 0.98 1.01 1.00 1.02 0.95 0.98 1.01 1.03 1.01
Os 4 3 1 3 3 3 3 2 3
Og 0.07 0.05 0.01 0.06 0.06 0.06 0.05 0.03 0.06
Classical + Y 0.87 0.94 0.92 091 0.90 0.88 0.93 0.97 0.90
Stepwise RMSE, (m) 14 8 2 11 12 14 9 5 10
MPD, (%) 18 8 3 16 15 22 10 8 12
RMSE, (m) 11 7 2 9 9 10 8 5 10
MPD, (%) 29 12 2 18 20 27 9 7 12
N 54 54 54 54 54 54 53 48 54
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offset was taken into account, all four methods gave virtu-
ally identical results so that valid inter-comparisons may be
made among them.

In the remaining four methods, while a majority of the
data points fell within £5 m from the 1:1 line relative to
MLDy;, there were notable exceptions that fell more than
+20 m away (Fig. 4). The larger deviations were exclusively
under-estimations in MLD,, MLD, and MLD;,, and over-
estimations in MLD,,4,. The RMSE and MAPD relative to
the 1:1 line ranged between +7 and =11 m and 11 and 18%
respectively (Table 3). In the Model II linear regression
analyses of these relationships, the slope between MLD,
and MLDqg, 0.94 + 0.04, did not include unity within its
statistical uncertainty, indicating that they cannot be used
interchangeably even allowing for a correction for an off-
set. In the remaining three cases, the slopes for MLDy,,
MLD 6, and MLD,,4,,0.96 £0.05,0.98 + 0.04, and 1.02 +
0.04, did include unity within their statistical uncertainties,
although the correlation coefficient with MLDy, was a bit
lower than those of the other two. The relationship inter-
cepts were -5 + 3, -6 + 2, and 3 + 2 m, indicating that there
were statistically significant offsets in all three cases. The
corresponding RMSE-s and MAPD-s, 8, +6, and +6 m,
and 19, 11, and 9% respectively, were larger than those of
MLDzs, MLDyyo, and MLDgg. Thus, while MLD1,, MLD 4,
and MLD,,, can also yield MLDs that are essentially iden-
tical to MLDy4 after a constant offset has been taken into
account, the uncertainty is larger. Among them, the RMSE
and MAPD of MLD,,, were the lowest and came close to

those of MLDrs, MLDryy, and MLDgg. In previous studies,
MLG; (Qu et al. 2007), MLDgg (Qu 2001; Ge et al. 2003;
Hao et al. 2012), MLD,gs (Tseng et al. 2007), and MLD g,
(Tseng et al. 2005, 2009; Wong et al. 2007a, b) have been
used for estimating MLD in the SCS. Only the results in the
first two sets of studies may be readily compared to each
other even after a constant offset has been applied.

An examination of the 0 and oy depth profiles asso-
ciated with the cases where MLD,, MLD,, MLD,;,, and
MLD,,, differed significantly from MLDrg indicates that
these profiles fell into two sub-types (Fig. 5). In the first
sub-type, while there was a marked change in the 0 and oy
gradients with depth between the surface mixed layer and
the main thermocline and pycnocline, there were gentle but
noticeable depth-gradients in 6 and o, within the surface
mixed layer. In some cases, the gradients were uniform with
depth. In other cases, the gradients varied with depth. In all
cases, as a result of these gradients, the FTD, FDD, and FDG
schemes could fail to capture the base of the mixed layer as
indicated by visual inspection. Instead, they could designate
as MLD a depth that was within the mixed layer and was
shallower than the MLDyg (Fig. 5a), and the discrepancy
was larger when a smaller fixed temperature difference, a
smaller fixed density difference or a smaller fixed density
gradient was used to define the MLD. Thus, while MLD,,
MLD,, have been widely used for estimating the MLD in
other parts of the oceans, they may not be the most appropri-
ate in the tropical waters such as those in the northern South
China Sea. In the second sub-type, since 0 decreased while

(a) 0 (°C) (b) 0 (°C)
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Fig. 5. Sub-classes in the classical type mixed layer: (a) with significant gradients in 0 and o, in the mixed layer on 3 September 2002; (b) with gentle
gradient in 0 and 0 in the upper thermocline and pycnocline on 20 December 2008. The arrows indicate the MLDs estimated by the ten methods

as labeled by the subscripts of the MLDs.
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0, increased gradually rather than abruptly with depth in the
upper-most part of the thermocline and pycnocline immedi-
ately below the mixed layer, they gave rise to cusp-shaped
profiles in the depth interval. As a result, the different FTD
and FDD schemes would designate different depths within
that depth interval as the MLD (Fig. 5b). Again, those MLDs
defined by a smaller fixed temperature decrease, a smaller
fixed density increase, a smaller temperature gradient or a
smaller density gradient would yield shallower MLDs.

3.3.2 Stepwise Type Upper Water Hydrographic
Structure

In the stepwise type of upper water hydrographic struc-
ture, MLDg,, could not be determined in two out of the six
cases. In the remaining eight schemes, relative to the 1:1 line,
only MLDr,, correlated well with MLD1y, yielding RMSE
and MAPD of +2 m and 3% (Fig. 6; Table 3). The rest devi-
ated significantly from the 1:1 relationship with many data
points falling more than -20 m away, yielding large RMSE-s
and MAPD-s ranging between +22 and +34 m and 14 and
58% respectively. The large deviations were exclusively a
bias towards shallower MLDs. When a constant offset was
allowed, in the Model II regression analyses, the correlation
coefficient between MLDy,, and MLDs was 1.00, with a
slope of 1.00 +£0.01 and an intercept of 2 + 1 m. For the rest,
the correlation coefficient and the MAPD varied between
0.39 and 0.78, and 30 and 61% respectively. A visual in-
spection of the 0 and oy profiles where large deviations from
the 1:1 relationship were found indicates that these other
methods failed to capture the bottom of the surface mixed
layer and would designate the depth of one of the smaller
stepwise changes in 0 or o, within the surface mixed layer as
the MLD. As a result, shallower MLDs were estimated.

3.3.3 Determining MLD in the Classical Type and
Stepwise Type Water Together

Taking the results from the classical and the stepwise
types of water together, only MLD+; and MLDr,, are inter-
nally consistent for estimating the MLDs in both types of
water. By pooling the data from these two types of water,
the RMSE and MAPD relative to the 1:1 line were £2 m
and 3%. A Model II linear regression analysis yielded a cor-
relation coefficient of 0.92, a slope of 1.00 + 0.01, and an
intercept of 1 + 1 m. The corresponding RMSE and MDP
relative to the best-fit line were +2 m and 2%.

3.4 Diurnal Variability of the MLD

Data from 6 to 21 CTD casts were obtained in 35 occa-
sions at the SEATS station over an 18 to 24-hr time period
between 1999 and 2013. These observations were made at
least once in each month of the year. The MLD varied di-

urnally. As an example, the vertical profiles of 8 observed
in 15 repeated CTD casts in approximately 1-2-hr intervals
over a 24-hr period on 23 - 24 November 1999 are shown
in Fig. 7a. The MLD varied between 43 and 58 m with a
diurnal average and a standard deviation of 50.3 and +4.3 m,
respectively. Similar results were also found in our cruises
when repeated CTD casts were conducted over 24-hr pe-
riods. The standard deviations in the estimated average
MLDqg, which is a measure of the MLD variability over a
diurnal cycle, observed in the different months of the year
are shown in Fig. 7b. They ranged between +1 and +7 m.
The maximum range of standard deviations within a given
month was about 6 m. The average standard deviation over
all the months was +4.4 m. There was no clear trend to in-
dicate a relationship between the variability and the time of
the year. The average values were +4.1 and +4.7 m between
November and April during the northeast monsoon and be-
tween June and September during the southwest monsoon
and +4.6 and +4.4 m during the two inter-monsoonal peri-
ods in May and October, respectively. Alternatively, the av-
erage standard deviations were +4.6,+3.5, +4.8, and +4.4 m
in winter, spring, summer and fall respectively. Thus, while
the diurnal variation in the MLD is a common occurrence,
it occurs within a relatively well-defined range. This diurnal
variation should be taken into account in the MLD estima-
tion from a once-through CTD trace as its effect can become
significant when the MLD is shallow, such as the MLDs of
around 20 m that were found during some summers at the
SEATS station (Tseng et al. 2009).

3.5 Intra-Annual Variability of the MLD

The MLDy; found in the different months of the year
between 1999 and 2013 and their average values in each
month are shown in Fig. 8a. The average MLD in each month
was at its maximum of ~80 m in December and January. It
decreased steadily to ~25 m in May. It then increased gradu-
ally and reached ~35 m in June before it stayed approxi-
mately constant through October. It increased sharply to
reach the maximum value in December/January. This intra-
annual pattern and the ranges of values are similar to those
reported previously based on the data covering shorter time
periods (Tseng et al. 2005, 2007, 2009; Wong et al. 2007a).
Although the northern SCS is located in the tropical zone,
its climate is sub-tropical. Convective overturn induced by
surface cooling in the winter is a major control on the intra-
annual variations in the hydrographic characteristics in its
mixed layer (Tseng et al. 2005; Pan et al. 2015). The intra-
annual variability in the monsoonal wind strength is consid-
ered to be another important control on the mixed layer be-
haviors (Tseng et al. 2005). The deeper mixed layer during
the northeast monsoonal season has been explained by the
combined surface cooling and stronger wind effects during
this time of the year (Tseng et al. 2005). Indeed, a Model II
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regression analysis indicates that the average MLD1g in dif-
ferent months of year, MLD,,,, was negatively correlated to
the corresponding remotely sensed average SST, SST,,,, and
positively correlated to the corresponding remotely sensed
average wind speed, WS,,,, on the sampling days between

1999 and 2013 (Figs. 8b and c) such that:

SSTy, =-0.11(x0.02)MLD,,, +32(£2)r=-0.81;
WS, =0.12(£0.03)MLD,,, + 1 (£2)r=0.63;n=12

where r is the correlation coefficient and N is the number
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of data points. During the southwest monsoonal season be-
tween June and September, the average MLDs were less
variable as they stayed within a narrow range, at 30 - 45
m, and the standard deviation of the average values did not
exceed +6 m. On the other hand, during the northeast mon-

soonal season between November and April, the average
MLDs varied by a factor of two as they ranged between 40 m
in March/April to 80 m in December/January and their stan-
dard deviations, reaching +20 m, were also larger than those
during the southwest monsoon. The summer, winter and an-
nual average MLDs calculated from the monthly averages
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4. SUMMARY

The upper water hydrographic structure in the tropical
northern SCS is noticeably diverse and may be classified into
the classical, stepwise and graded types. This presents a chal-
lenge in estimating the MLD in these waters. In 64 station
occupations at and around the SEATS station between 1997
and 2013, the MLD was indeterminate in 15% of the time
when the graded type was found. In the remaining 85% of the
time, among the ten more widely used methods for estimating
MLD, only two, MLDg and MLDy,,, yielded consistent re-
sults which were in qualitative agreement with visual inspec-
tion. These MLDs can basically be used interchangeable with
each other. In the classical type of water, MLDys, and MLDgg
may also be used. The intra-annual variations in MLD; at the
study site followed a well-defined pattern. MLD+; was the
deepest, ~80 m, in December/January during the northeast
monsoon. It was shallower, ~40 m, in June through October
during the southwest monsoon. It was the shallowest in May,
~25 m, in the inter-monsoonal period when the wind is the
weakest. Diurnal variations in MLD were a common occur-
rence. However, the variations fell within a relatively well
defined range. The standard deviation from the average was
~+4 m. MLD estimations from once through profiling would
include this inherent uncertainty and this effect can be sig-
nificant when the MLD is shallow.
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