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Mean seasonal cycle of isothermal depth in the South China Sea
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[1] The mean seasonal cycle of isothermal depth is examined using all available
temperature profiles in the South China Sea. On the annual average, the isothermal depth
has two deep cores (>45 m). One extends westward from the Luzon Strait along the
continental slope south of China, and the other in the deep basin of the southern South
China Sea. Harmonic analysis shows that the seasonal variation of isothermal depth is
predominantly annual in the northern South China Sea, exceeding 70 m in winter and
falling below 20 m in summer near the continental slope south of China. The annual
variation is weaker in the southern South China Sea, where the isothermal depth
approaches its seasonal maximum (>55 m) in fall and minimum (<35 m) in spring.

The semiannual variation is most prominent in the southern South China Sea, being of
comparable strength with the annual variation. Among others, local Ekman pumping
appears to be an important process responsible for the semiannual variation in the southern
South China Sea. A detailed description of the month-to-month variations is provided, to

set a basic background for further understanding the South China Sea mixed layer

dynamics and thermodynamics.

Citation:
Res., 112, C02020, doi:10.1029/2006JC003583.

1. Introduction

[2] The thickness of ocean’s mixed layer or what is often
termed the mixed layer depth (MLD) is an important factor
influencing the sea surface temperature (SST). In the South
China Sea, the largest marginal sea of the Southeast Asian
waters, the MLD is modulated by the seasonal reversing
monsoon, as well as the intrusion of the Kuroshio through
the Luzon Strait [e.g., Qu, 2001; Liu et al., 2004; Gan et al.,
2006]. In the mean time, the variation of MLD also feeds
back to the atmosphere, especially during the development
of summer monsoon [Chu and Chang, 1997; Qu, 2001]. On
interannual timescales, the temporal correspondence be-
tween the South China Sea surface temperature and El Nino
and Southern Oscillation (ENSO) has been reported [e.g.,
Wang et al., 2000; Xie et al., 2003; Liu et al., 2004; Qu et
al., 2004; Wang et al., 2006]. Through the interaction
between an anomalous atmospheric circulation and the
underlying mixed layer dynamics, the impact of ENSO
can be conveyed from the Pacific into the South China
Sea. This explains why the warm SST anomaly in the South
China Sea peaks in the ensuing summer of El Nino, up to
six months after the atmospheric anomalies reach their
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maximum strength. The South China Sea MLD is therefore
important to study, for both its regional and global signif-
icance in climate variability.

[3] The South China Sea MLD has been studied in the
past decades. Most of the earlier studies, however, used
synoptic observations collected from hydrographic cruises,
and the phenomena described might be true only for some
particular locations and seasons. Given the fact that the
South China Sea MLD, as in many other parts of the global
ocean, is variable on a range of spatial and temporal scales,
results from synoptic observations may not be representa-
tive of the mean fields. To the best of our knowledge, the
only climatological interpretations of the South China Sea
MLD were prepared by Qu [2001] and Du [2002]. The
former focused on the mixed layer dynamics associated
with the southwest monsoon onset and did not provide an
entire seasonal cycle of MLD. The latter was based on the
gridded temperature and salinity from World Ocean Atlas
1998 (WOAO98). Since the objective analysis used in pre-
paring the WOA9S involved heavy smoothing along pres-
sure surfaces, changes in vertical gradient around the depth
of pycnocline may not be especially realistic, and as a
consequence, Du [2002] failed to show many detailed
structures of the South China Sea MLD.

[4] It seems more appropriate to produce the MLD from
each individual density profile than from a heavily
smoothed climatology (e.g., WOA9S). Such a study is not
available primarily due to the lack of sufficient density
profiles in the South China Sea. Considering that the
number of temperature profiles is larger by about an order
than that of density profiles [Qu, 2001], the present study is
intended to provide a comprehensive description of the
mean seasonal cycle of isothermal depth (ID), a good proxy
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Figure 1. Geographical distribution (asterisks) of temperature profiles used for this study, which consist

of 39,429 profiles extending to 50 m or below.

of MLD, using all available temperature profiles in the
South China Sea. Climatological surface wind and heat flux
data are also analyzed to explore the processes that possibly
affect the ID seasonal variation. Results of the analysis are
presented in the following sections. After a brief description
of the data and methods of analysis in section 2, we will
describe the general characteristics of the South China Sea
ID in section 3. The correspondence of ID with atmospheric
forcing is examined in section 4, and the month-to-month
variations are discussed in section 5. Results are summa-
rized in section 6, and an error analysis is provided in
Appendix A.

2. Data and Methods of Analysis

[5] For this study temperature data at observed levels
archived in the World Ocean Database 2001 (WODO01) from
the region between 0° and 25°N and between 100° and
125°E were used (Figure 1). We first selected the data by
dropping those profiles that were flagged as “bad” or as not
passing the monthly, seasonal, and annual standard devia-
tion checks. We then removed those profiles that did not
extend to 50 m, thus instantaneously eliminating profiles
over the shallow continental shelf, and those profiles with
obviously erroneous records (e.g., temperature <10°C) and
exceptionally sparse vertical separation (>20 m) between
two samples in the upper 100 m. Different vertical separa-
tion criteria (10 m, 30 m, 50 m, etc.) can also be chosen,
provided the question of sensitivity is born in mind, but the
results remain qualitatively unchanged (see Appendix A).
The final data set provided a total of 39,429 temperature
profiles in the South China Sea (Figure 1). In time, the data

spanned the period from the 1920s to the beginning of the
new century; no obvious bias in the density of sampling was
apparent toward any season of the year. In space, the upper
ocean was best sampled in the northern and central South
China Sea, while the data coverage in the southeastern part
of the basin was relatively poor.

[6] The definition of ID was based on a variable temper-
ature criterion. We computed the ID from individual tem-
perature profiles as where water temperature is 0.8°C cooler
than a near-surface value at 10 m. Note that the temperature
increment selected is well consistent with the optimal
estimate suggested by Kara et al. [2000], and in a qualita-
tive sense, the South China Sea ID is insensitive to the
selection of this temperature increment. The IDs estimated
from individual profiles were then averaged in 0.5° x 0.5°
boxes for each month regardless the year of observations.
To eliminate the bias in the density of sampling, a variable
scan-radius was chosen so that each average was based on
at least 10 samples. Standard deviations were also calculated
and used to edit the mean field of ID (see Appendix A). If an
estimate from an individual profile deviated from the grid
mean by a value three times larger than the standard
deviation, it was excluded and the mean and standard
deviation were recalculated. The gridded ID fields were
finally smoothed using a two-dimensional Gaussian filter,
with e-folding scales of 1° in longitude and latitude and
1 month in time.

[7] To explore the generating mechanisms linked to the
ID seasonal variation, we have also included a climatology
of surface heat flux [Oberhuber, 1988] based on the
Comprehensive Ocean and Atmosphere Data Set (COADS)
and a climatology of wind stress based on the European
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Figure 2. Annual mean (a) isothermal depth (ID), (b) barrier layer thickness (BLT), and (c) mixed layer

depth (MLD) in meters.

Remote Sensing (ERS) satellite microwave scatterometer
measurements. Both climatologies had reasonable resolu-
tions in the South China Sea. The ERS wind data originally
consisted of two parts: ERSI spanning from August 1991
to May 1996, and ERS2 panning from April 1996 to
January 2001. They were averaged to construct a monthly
climatology of wind stress.

3. General Description
3.1. Annual Mean Distribution

[8] Theannual mean ID was produced from monthly mean
values to reduce bias stemming from seasonally uneven
sampling. Over a large part of the South China Sea, the
annual mean ID is deeper than 40 m (Figure 2a), and shows
essentially the same pattern as described by Qu [2001] usin
a critical temperature gradient criterion of 0.05°C m™ .

ERS Wind
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Coinciding with the West Luzon Eddy and East Vietnam
Eddy [Shaw et al., 1999; Qu, 2000], we see two shallow ID
cores (<35 m), which divide the deep basin of the South
China Sea roughly into two parts. In the north, there is a deep
ID tongue (>45 m) extending southwestward from the Luzon
Strait along the continental slope south of China. This deep
ID tongue corresponds well with the prevailing northeasterly
wind, downward Ekman pumping, and surface cooling
(Figure 3), indicative of strong influence of the northeast
winter monsoon. Another potentially important influence is
due to the intrusion of the Kuroshio, which supplies well-
mixed western Pacific surface water to the South China Sea.
In the south, the annual mean ID is deeper than 45 m, with a
core extending roughly from 110°E, 8°N to 120°, 15°N. The
southwest summer monsoon seems to be primarily respon-
sible for the deep ID in the southern South China Sea. The
detail will be discussed in section 4.

COADS Surface Heat Flux
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Figure 3. Annual mean (a) ERS wind stress vectors (10~' Pa), wind stress curl ( 107% Pam™"), and

(b) COADS surface heat flux (W m™2).
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Figure 4. Seasonal variation of isothermal depth (ID;
heavy solid line), COADS surface heat flux (HFX; heavy
dashed line), ERS wind speed (SPD; light solid line), and
ERS wind stress curl (WSC; light doted line) averaged over
the entire South China Sea. Units are m for ID, 10 W m~2 for
HFX, 0.25 m s~ ! for SPD, and 5 x 10~° Pam ! for WSC.
Annual mean values of 41 m,2 x 10 Wm 2,43 ms ', and
19 x 1072 Pam ' have been removed before plotting.

[v] Examination of all (2,280) available density profiles
that passed the monthly, seasonal, and annual standard
deviation checks and had a vertical resolution better than
20 m in the upper 100 m shows that the MLD is generally
shallower than the ID by 2—8 m on the annual average
(Figure 2b), implying the presence of a barrier layer [Lukas
and Lindstrom, 1991] in the South China Sea. Here the
MLD is determined as where potential density, oy, is equal
to the sea surface oy plus the increment in oy equivalent to a
net decrease of 0.8°C in temperature. The barrier layer is
relatively thick in the southern South China Sea, and can
reach as much as 8 m along the Philippine and Borneo coast,
presumably as a result of large excess of precipitation over
evaporation there [ Wu et al., 2001; Du et al., 2004]. With the
limitation of existing density profiles, we are unable to show
the barrier layer thickness seasonal variation. On the annual
average, the spatial distribution of ID (Figure 2a) resembles
that of MLD (Figure 2c¢) in almost all the details. To take
advantage of the larger number of temperature profiles in the
South China Sea, we focus our following analysis on the ID,
which we believe is an important step toward a complete
understanding of the MLD seasonal variation. The full
implication of barrier layer thickness seasonal variation
requires further investigation.

3.2. Basin-Wide Variation

[10] The South China Sea ID is governed, among others,
by the large-scale atmospheric circulation and sea surface
heat flux [Wang et al., 2000; Xie et al., 2003; Liu et al.,
2004]. To better describe this basin-wide response, we
simply average the ID over the entire South China Sea
basin (denoted as ID hereinafter). The annual mean ID in
the South China Sea is 41 m, shallower than that on the
Pacific side of the Luzon Strait by 10—20 m (Figure 2a).
The shallower ID in the South China Sea is presumably a
result of upward Ekman pumping (Figure 3a). Since the
South China Sea is a semiclosed basin at depths below
about 200 m, cold water must upwell from the subsurface in
order to establish a stable thermocline which otherwise
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would be gradually diminished by the downward surface
heat flux (Figure 3b).

[11] The ID in the South China Sea has a maximum in
December and a minimum in May (Figure 4). This seasonal
variation has an extremely good correspondence with sur-
face heat flux (r = —0.93) and wind speed (r = 0.78),
suggesting that the large-scale atmospheric processes are
primarily responsible for the basin-wide variation in the
South China Sea. The Ekman pumping affects the ID in an
opposite phase to the ID seasonal variation. But, on the
basin wide, its effect is well suppressed by the large-scale
atmospheric circulation and surface heat flux.

3.3. Annual and Semiannual Harmonics

[12] Annual and semiannual harmonic analyses are con-
ducted to provide an overview of the ID seasonal variation in
the South China Sea. As one would expect, the largest annual
variation occurs near the continental slope south of China,
where its maximum amplitude exceeds 24 m (Figure 5a),
reflecting strong influence of monsoonal winds, as well as the
intrusion of the Kuroshio [Gan et al., 2006]. The annual
variation is relatively weak elsewhere, falling below 8 m in
the deep basin southeast of Vietnam. In a large part of the
northwestern basin, the ID reaches its seasonal maximum in
January, corresponding well with the prevailing northeast
monsoon. This signal is led by 1—3 months in the rest of the
basin. The semiannual variation is weaker, in general, by a
factor about 2 (Figure 5b). Its amplitude has two cores (>8 m).
One is located at the northwestern corner of the basin, and the
other lies in the south, centered at about (111°E, 8°N). The
northern core reaches its maximum strength in January and
July, about one month earlier than the southern one.

[13] To better document the relative importance of annual
and semiannual variations, the seasonal variation of ID is
presented along 111°E (Figure 6), and it reveals a large
phase difference between regions to the south and north
of about 12°N. The maximum ID in the south occurs
around August—September, leading that in the north by
3—4 months. Similar difference is seen in the phase when
the ID is minimum. At about 8°N, the semiannual variation
is most pronounced and of comparable strength with the
annual variation. As we progress northward along the
section, the annual variation becomes dominant. At about
18°N, the amplitude of annual variation is about three times
larger than that of semiannual variation. In summer, the
annual and semiannual variations tend to be out of phase,
and their large degree of cancellation results in a nearly
constant ID from April through September.

[14] The semiannual signal gets weaker as we progress to
the east (Figure 5). At 115°E, the seasonal variation of ID is
predominantly annual and has a northward phase propaga-
tion, with the phase near the southern end of the section
leading that near the northern end of the section by about
two months (Figure 7). This provides some independent
evidence for the northeastward propagation of the onset of
summer monsoon in the South China Sea and the western
Pacific as well [e.g., Wu and Wang, 2001]. In the south, the
ID is shallowest in April/May, in correspondence with the
spring warm pool [Chu and Chang, 1997; Qu, 2001].
The ID deepens as the summer monsoon starts to prevail
and approaches its seasonal maximum in October/November.
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Figure 5. Amplitude (color) of (a) annual and (b) semiannual harmonics of isothermal depth (m). The
phase (contours) corresponds to the day of the year when mixed layer depth is maximum.

In the north, the ID has a seasonal minimum in June—July and
a seasonal maximum in December—January.

4. Correspondence With Atmospheric Forcing

[15] The ocean’s mixed layer dynamics has been widely
studied in literature [e.g., Davis et al., 1981; Bleck et al.,
1989; Murtugudde et al., 1995; Thompson et al., 2002].
According to these earlier studies, the deepening (shoaling)
of mixed layer, representing a downward (upward) buoy-
ancy flux, is determined by a number of processes. Among
others, wind stirring, surface cooling, and Ekman pumping
are of particular importance. Wind stirring is the primary
energy source to maintain the turbulent entrainment across

ID Along 111E

the bottom of the mixed layer. Surface cooling provides
necessary buoyancy flux to maintain the surface convection,
which is particularly important at ocean’s middle and high
latitudes. Ekman pumping, more oriented with local topog-
raphy and coastline, affects the mixed layer mainly through
upwelling.

[16] To gain an overview of how the South China Sea ID is
related to the atmospheric forcing described above, a multiple
cross-correlation analysis was conducted (Figure 8). In the
region roughly north of 10°N, the ID has high correlations
with both wind speed and surface heat flux, indicative of the
dominant influence of wind stirring and surface cooling.
Negative correlation is seen between ID and wind stress curl
in the northwestern corner of the basin, implying that the

Month
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Figure 6. (left) Seasonal variation of isothermal depth along 111°E. Areas with negative values are
shaded. (right) Seasonal variation of isothermal depth (heavy solid) and its annual (light solid) and
semiannual (light dotted) components at (111°E, 8°N), (111°E, 12°N), and (111°E, 18°N). The locations
are shown on the left panel. The annual mean values have been subtracted before plotting.
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Figure 7. Same as the left panel of Figure 6 except along
115°E.

piling up (drawing off) of surface water forced by the
monsoonal wind also plays a role in the ID seasonal variation.
The correlation is positive near the west coast of the
Philippines, suggesting weaker influence of Ekman pumping
on the ID seasonal variation over the region. Wind stirring
and surface cooling become less important as we progress
southward. In the southern South China Sea, mostly to the
south of 10°N, the correlations of ID with both wind speed
and surface heat flux fall below 0.5 (Figures 8a and 8c). Only
the correlation with wind stress curl satisfies the 95%
confidence level criterion in a small region around (110°E,
6°N). We will return to this point later.

[17] Harmonic analyses of wind speed, wind stress curl,
and surface heat flux were also conducted to further identify
the relative importance of these processes in determining the
ID seasonal variation. Along the continental slope south of

ID vs Wind Speed
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China, the annual amplitudes of all the three processes are
large, though their geographic locations are slightly different
(Figure 9), corresponding well with the large annual variation
of ID (Figure 5). The annual amplitudes of wind speed and
surface heat flux drop rapidly toward the south, by a factor at
least 5 in the region south of about 10°N. In contrast, the
annual amplitude of wind stress curl has a local maximum
(>16 x 107® Pa m™") around 8°N. There, the downward
Ekman pumping peaks during the southwest monsoon
(Figure 9), and as a consequence, the ID deepens toward its
seasonal maximum in September—October (Figure 5),
around the end of the season when Ekman pumping is
negative. Apparently, this seasonal maximum of ID cannot
be accounted for by the annual variation of wind stirring and
surface cooling which lag the ID by 2—4 months (Figure 9).
Further inspection of wind speed shows a second maximum
in July, in correspondence with the prevailing southwest
summer monsoon. The enhanced wind stirring and down-
ward Ekman pumping at this season lead to a maximum ID in
September—October and on the annual average, explains the
deep ID core in the southern South China Sea (Figure 2a).
[18] The amplitudes of semiannual variations in wind
speed and surface heat flux show similar patterns. Both
have a maximum off the southeastern tip of Vietnam at
10°~12°N (Figure 9), corresponding to the maximum
strength of monsoon in January and July, respectively.
The semiannual variation in wind speed and surface heat
flux is weak elsewhere. The semiannual variations in ID
(Figure 5b) coincide well with wind stress curl (Figure 9). In
the north, along the continental slope south of China,
the semiannual amplitude of wind stress curl exceeds 8 x
107® Pa m™', and the upward Ekman pumping depletes
surface water out of the region, resulting in minimum ID in
March and September, respectively (Figures 5 and 6). In the
south, mostly to the south of 10°N, the wind stress curl has
maxima in May and November (Figure 9), leading the ID
minima by about a month (Figures 5 and 6). The semian-
nual signal is related to the onset of southwest summer
monsoon, which disrupts the warming of the southern South
China Sea and leads to a shoaling of ID, as well as a cooling
of SST in summer [Xie et al., 2003]. It is worthwhile to note

ID vs Heat Flux

115 120€ 125€ EQOCDE 105E 110€ 115 120 125

Figure 8. Correlation between the isothermal depth and ERS wind speed (left), ERS wind stress curl
(middle), and COADS surface heat flux (right). Contour interval is 0.1, and areas where the 95%
confidence level criterion (t-test) is satisfied are shaded.
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(middle), and COADS surface heat flux in W m ™~ (right).

that the wind stress curl also shows a maximum semiannual
variation near the northern tip of Luzon. But, no such a
signal is seen in the ID (Figure 5b). The implication of this
result is that large-scale atmospheric circulation and surface
heat flux are dominant in determining the ID seasonal
variation over the region.

[19] Also important to note is that there is an apparent
southward phase propagation in wind stress curl (Figure 9).
On the annual timescale, the maximum wind stress curl first
occurs near the continental slope south of China in
June/July and about six months later in the southern South
China Sea. The phase difference for semiannual variation is
about three months. Careful examination of the ID variation
shows a weak northward rather than southward propagation
on the annual timescale, but mostly confined in the southern
South China Sea (Figure 5a). This pattern is well consistent
with the annual variation of surface heat flux (Figure 9). On
the semiannual timescale, the southward phase propagation
in the ID (Figure 5b) can only be explained by the wind
stress curl, giving additional evidence for its importance in
regulating the ID semiannual variation.

5. Month-to-Month Variations

[20] This section provides a detailed description of the ID
month-to-month variations (Figure 10). In January, when

the northeast monsoon fully develops, wind stirring, down-
ward Ekman pumping (Figure 11), and surface cooling
(Figure 12) work together generating a seasonal maximum
of ID (>70 m) near the continental slope south of China.
Wang et al. [2001] noted that because of the deep thermo-
cline at this season, incorporating with enhanced western
boundary current, ventilation of the thermocline occurs in
the northern South China Sea, a phenomenon that only
appears in the mid-latitudes of the Ocean. The ID decreases
toward the south, falling below 40 m in the southeastern
corner of the basin. As the northeast monsoon diminishes,
wind stress cannot provide enough turbulent kinetic energy
to maintain the deep ID created in winter, and as a result, the
ID shoals over the entire basin of the South China Sea. In
March, the ID remains deeper than 50 m only in a small
region off southwest Taiwan, and is dominated by a bowl-
shaped distribution elsewhere, deeper (>45 m) in the central
part of the basin and shallower (<35 m) near the boundary.
This distribution is consistent with earlier observations of
sea level [Shaw et al., 1999], suggesting an anticyclonic
circulation in the upper ocean during this period of the year
[Wu et al., 1998].

[21] The ID continues to shoal (Figure 10), as surface
heat flux turns positive (Figure 12) and wind stress reaches
its seasonal minimum (Figure 11) during the transition
season of monsoon. The ID falls below 35 m in most parts
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Figure 10. Month-to-month variations of isothermal depth (m).
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Figure 11. ERS wind stress vectors (10~' Pa) and wind stress curl (10" ® Pa m™") in January, March,
May, July, September, and November. Contour interval is 5 x 10~% Pam™", with two additional contours
of 2.5 x 107 % and —2.5 x 10~® Pam™' for March and May.

of the basin in April. The bowl-shaped distribution shifts
slightly southward, reflecting the fact that the ID has
different rates of variation at different latitudes (Figures 6
and 7). The ID reaches its seasonal minimum in May, and as
a direct consequence, heat gained from the atmosphere is
well trapped in the surface layer. This induces a warm SST
in a large part of the southern South China Sea [Qu, 2001],
often referred to as the spring warm pool [Chu and Chang,
1997], and provides a necessary condition for the onset of
summer monsoon.

[22] As summer monsoon develops, the mixed layer starts
to deepen in the south. In June, the maximum ID exceeds
40 m off the southeast tip of Vietnam (Figure 10). This ID
maximum corresponds well with a negative wind stress curl
(Figure 11). Xie et al. [2003] noted that, as the southwest
monsoon wind impinges on the north—south running main-
tain range on the east coast of Vietnam, a strong wind jet
occurs at its southeastern tip, resulting in a cold filament
that spreads northeastward offshore. To the south of the cold
filament, an anticyclonic circulation develops (Figure 11),
generating a local ID maximum (Figure 10). The ID
continues to deepen in July (>50 m), and reaches its
seasonal maximum (>55 m) in August—September, around
the end of the season when wind stress curl is negative.

[23] The wind stress curl in summer is mostly positive in
the northern South China Sea, with the zero line extending

northeastward roughly from the southeastern tip of Vietnam
to the northwestern tip of Luzon (Figure 11). The maximum
wind stress curl (>20 x 107® Pa m™") occurs off east
Vietnam, immediately to the north of the cold filament
described by Xie et al. [2003]. In response, we see a shallow
ID over a large part of the northern South China Sea. The
distribution of ID is essentially oriented in the southeast—
northwest direction (Figure 10), consistent with those of
wind stress curl (Figure 11) and surface heat flux
(Figure 12). The minimum ID falls below 25 m in the
northwestern corner of the basin, while the core of positive
wind stress curl is located somewhat farther southward. In
addition to surface heating that helps generate a stronger
surface stratification near the northern boundary, wind
stirring is another possible process that shifts the minimum
ID away from the southeast coast of Vietnam. As noted by
Xie et al. [2003], the cold filament observed offshore of the
southeastern tip of Vietnam occurs consistently around the
wind speed maximum. The strong wind stirring may cause
entrainment of more colder and denser water into the mixed
layer from below, thus resulting in a deeper ID in the region
immediately to the north of the cold filament where max-
imum wind stress curl is observed (Figure 10).

[24] In contrast with what shown in the northwestern
corner of the basin, the ID is relatively deep near the west
coast of Luzon, reaching >50 m in late summer (Figure 10).
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Figure 12. Same as Figure 11 except for COADS surface heat flux in W m 2. Contour interval is 10 Wm ™2,

The deep ID seems to be connected with the Philippine
Seas, consistent with earlier studies on the Pacific influence
through the Luzon Strait [e.g., Hu et al., 2000; Qu et al.,
2000; Gan et al., 2006]. An implication of this result is that
the intrusion of the Kuroshio through the Luzon Strait may
play a role influencing the South China Sea ID. The deep ID
near the west coast of Luzon could also be due to local
recirculation, supplying relatively well-mixed surface water
from the south [e.g., Fang et al., 1998]. The present data,
unfortunately, do not allow for a further investigation. We
leave this for future numerical studies.

[25] The northeast monsoon starts to prevail in September/
October (Figure 11), and this results in the deepening of ID
near the continental slope south of China (Figure 10). In
October, shallow ID (<35 m) remains only in a small region
off east Vietnam, and a core of deep ID (>50 m) is seen
extending westward from the Luzon Strait, an additional
evidence for the influence of Pacific variability [Shaw, 1991;
Qu et al., 2000]. As the northeast monsoon fully develops in
December, the ID is deeper than 45 m in the northern South
China Sea, mostly to the north of 10°N, and reaches as deep
as 70 m near the continental slope south of China. Interest-
ingly, with the prevailing northeast monsoon, the ID does not
get deeper everywhere as one would expect. Instead, it shoals
in two small areas. One is around the southwestern corner of
the deep basin, and the other is off the west coast of Luzon.
The former is likely induced by the reflection of western
boundary current near the Sunda Shelf, while the latter could
be a result of upward Ekman pumping (Figure 11).

[26] We note that, although the seasonal variation of ID
cannot be accounted for by Ekman pumping near the west
coast of Luzon (Figure 8), the two have a good correspon-
dence in space (Figures 10 and 11). Coinciding with the
West Luzon Eddy, a local minimum of ID is present from
October through April, nearly in phase with a local maxi-
mum in Ekman pumping. The upward Ekman pumping
forced by the northeast monsoon lifts the base of the mixed
layer and produces a shallower ID. This forms a contrast
with its surroundings where Ekman pumping is relatively
weak. The spatial distribution of ID is well consistent with
the surface dynamic height distribution from hydrographic
data [Qu, 2000], as well as the sea level distribution from
satellite altimeter data [Shaw et al., 1999].

6. Summary

[27] This study provides a detailed description of isothermal
depth, a good proxy of MLD, and its seasonal variation in the
South China Sea. On the annual average, the ID in the deep
basin of the South China Sea has two cores (>45 m). One
extends westward from Luzon Strait along the continental
slope south of China, and the other in the south, extending
from about 110°E, 8°N to 120°, 15°N. Both cores reflect
strong influence of monsoon. The northern core seems to be
dominated by the wind stirring and cooling convection asso-
ciated with the northeast winter monsoon, while the southern
one is more related to the wind stirring and downward Ekman
pumping forced by the southwest summer monsoon.
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[28] A basin-wide variation of ID is examined to better
understand the influence of large-scale atmospheric circu-
lation and surface heat flux. Averaged over the entire South
China Sea, the seasonal variation of ID is dominated by the
annual signal, with a maximum in December and a mini-
mum in May. Wind stirring and surface cooling are primar-
ily responsible for the basin-wide variation.

[29] The seasonal variation of ID is predominantly annual
in the northern South China Sea, where the ID is deeper
than 70 m in winter and shallower than 20 m in summer.
Wind stirring and cooling convection seem to be dominant
in the annual variation along the continental slope south of
China. Here we emphasize that the effect of Ekman pump-
ing is not negligible. This is particularly true in summer,
when both wind stirring and cooling convection become
weak. The annual variation of ID gets weaker in the
southern South China Sea, approaching its seasonal maxi-
mum in fall and minimum in spring.

[30] The semiannual variation of ID is of comparable
strength with the annual variation in the southern South
China Sea, mostly to the south of 10°N. There, the ID
reaches its seasonal maxima in February and August and
seasonal minima in May and November. We attribute a large
part of this semiannual variation to the local Ekman pump-
ing forced by the southwest summer monsoon, in addition
to the enhanced wind stirring. The semiannual variation also
has a core near the northwestern corner of the basin, but its
amplitude is smaller by a factor about three than the annual
variation.

[31] With the existing climatological data, we are able to
show that the mean seasonal cycle of ID in the South China
Sea is due a large part to wind stirring, Ekman pumping,
and cooling convection. A potentially important process
overlooked in our analysis is the horizontal advection by
ocean circulation of both local and remote origins. The
influence of the Kuroshio intrusion through the Luzon Strait
is apparent along the continental slope south of China coast
and east of Vietnam. Modeling studies will be needed to
further investigate the influence of horizontal advection and
in particular, the role of local verses remote forcing in
regulating the ID seasonal variation. We believe that a good
understanding of ID seasonal variation and its forcing
mechanisms in the South China Sea will provide important
insight into the role of mixed layer dynamics in climate
variability of the region.

Appendix A: Error Analysis

[32] The uncertainty in the mean ID was measured by
standard deviation also obtained during average (section 2).
Then, divided by the square root of the numbers of
observations (>10), the standard deviation was converted
to the standard error. The standard error in the monthly
mean ID is primarily due to interannual and mesoscale
variability, in addition to the bad quality of some early
observations. In general, the standard error is higher in
winter and lower in summer. Averaged over the year, the
standard error in the monthly mean ID ranges from about
3 to 5 m (Figure Al). The highest standard error (~5 m)
occurs near the continental slope south of China, reflecting
strong influence of Pacific variability through the Luzon
Strait. Over a large part of the South China Sea, roughly to
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Figure Al. Annually averaged standard error in the
monthly mean isothermal depth (m), based on >10 observa-
tions in each grid bin.

the south of about 18°N, the standard error in the monthly
mean ID is 3—4 m. The standard error in the long-term
annual mean ID is less than 2 m. With the contour intervals
of 2.5 and 5 m selected in displaying the long-term annual
(Figure 2) and monthly mean (Figure 10) ID, the large-scale
phenomena presented in this study are mostly robust.

[33] Another source of uncertainty in the mean ID may be
due to poor vertical resolution of the data. We first screened
the data using a vertical resolution of 50 m and removed
those profiles with a vertical separation larger than 50 m
between two samplings in the upper 100 m. Then, we
increased the vertical resolution to 30, 20, and 10 m to better
resolve the ID from each individual temperature profile.
Although the total number of observations decreases, from
80,157 to 63,098, 39,429, and 30,113, respectively, the mean
ID only shows some minor differences, and the basic
structure remains nearly unchanged. This result seems to
suggest that the uncertainty in the mean ID due to poor
vertical resolution of individual profiles can be significantly
reduced by the combined use of more than 10 samples
collected in various cruises in different years.
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