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Abstract

On the basis of the latest version of a U.S. Navy generalized digital environment model (GDEM-V3.0) and World
Ocean Atlas (WOA13), the hydraulic theory is revisited and applied to the Luzon Strait, providing a fresh look at
the deepwater overflow there. The result reveals that: (1) the persistent density difference between two sides of the
Luzon Strait sustains an all year round deepwater overflow from the western Pacific to the South China Sea (SCS);
(2) the seasonal variability of the deepwater overflow is influenced not only by changes in the density difference
between two sides of the Luzon Strait, but also by changes in its upstream layer thickness; (3) the deepwater
overflow in the Luzon Strait shows a weak semiannual variability; (4) the seasonal mean circulation pattern in the
SCS deep basin does not synchronously respond to the seasonality of the deepwater overflow in the Luzon Strait.
Moreover, the deepwater overflow reaches its seasonal maximum in December (based on GDEM-V3.0) or in fall
(October-December, based on the WOA13), accompanied by the lowest temperature of the year on the Pacific
side of the Luzon Strait. The seasonal variability of the deepwater overflow is consistent with the existing longest

(3.5 a) continuous observation along the major deepwater passage of the Luzon Strait.
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1 Introduction

The Luzon Strait, with its deepest sill at about 2 400 m (Smith
and Sandwell, 1997), is the only passage of deepwater renewal of
the South China Sea (SCS). The deepwater exchange through the
Luzon Strait has a decisive influence on the deep circulation,
deepwater renewal, and heat and salt fluxes of the SCS. By com-
parison of density profiles between two sides of the Luzon Strait
based on the World Ocean Database 2001, Qu et al. (2006) reveal
that there are two bifurcations in the long-term mean potential
density profiles. Specifically, the upper bifurcation occurs at
depth of 81 m, and the lower bifurcation at 1 489 m. Water on the
Pacific side is of higher density than that on the SCS side above
the upper bifurcation and below the lower bifurcation. Below the
lower bifurcation (hereinafter referred to as the bifurcation), the
density difference between two sides of the Luzon Strait yields a
baroclinic pressure head driving the deepwater overflow from
the western Pacific to the SCS. With existing in situ observations,
theoretical analyses, and numerical modeling, it has been accep-
ted that water flows persistently from the western Pacific into the
SCS through the deep channel of the Luzon Strait (e.g., Wyrtki,
1961; Nitani et al., 1972; Wang, 1986; Qu et al., 2000, 2006; Tian et

al., 2006; Fang et al., 2009; Yang et al., 2010; Zhang et al., 2010,
2015; Xu and Oey, 2014; Zhao et al., 2014; Zhou et al., 2014). In
particular, Qu et al. (2006) applied the hydraulic theory de-
veloped by Whitehead (1989, 1998) to the Luzon Strait. Their
analysis yielded a transport of 2.5x108 m3/s, which has been used
as an upper bound estimate of the Luzon Strait deepwater over-
flow. But, the seasonality of this deepwater overflow remains
poorly understood.

Following Qu et al. (2006), a couple of studies recently pro-
posed a seasonal variability of the deepwater overflow but
reached opposite conclusions. Zhao et al. (2014) used the hy-
draulic theory to study the seasonal variability of the deepwater
overflow in the Luzon Strait, based on the result from a high res-
olution hybrid coordinate ocean model (HYCOM). They found
that the density difference between the Pacific and SCS sides at
the averaged sill depth of the Luzon Strait is greater in winter
(0.085 kg/m3) than in summer (0.079 kg/m3). By assuming a con-
stant bifurcation depth at 1 450 m, they conclude that the Luzon
Strait deepwater overflow is stronger in winter (3.6x10% m3/s) and
weaker in summer (3.3x10% m3/s). Afterwards, Lan et al. (2015)
calculated the monthly mean potential density averaged on both
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sides of the Luzon Strait based on the simple ocean data assimil-
ation (SODA2.1.6) outputs. They illustrated the density differ-
ence between two sides of the Luzon Strait at the 1 500 m depth,
from under 0.025 kg/m?3 before July to its seasonal maximum of
about 0.033 kg/m? in November. Their density difference at the
1 500 m depth is significantly smaller than that of Zhao et al.
(2014) at the averaged sill depth (2 181 m) of the Luzon Strait. Ac-
cording to Lan et al. (2015), the Luzon Strait deepwater overflow
varies corresponding to the deep circulation in the SCS, specific-
ally, stronger in summer and weaker in winter. This seasonality is
just opposite to the numerical result of Zhao et al. (2014).

The existing longest direct measurement of the deepwater
overflow in the Luzon Strait, as we are aware of, is 3.5 a continu-
ous mooring observations conducted in the deep Bashi Channel
and the Luzon Trough from October 2009 to April 2013 (Zhou et
al., 2014). According to their observations, the density difference
between two sides of the Luzon Strait is larger in winter, which
supposes to drive a stronger deepwater overflow than in summer.
However, it cannot explain the seasonality of their observed
along channel velocity, which is intensified in October-Decem-
ber (hereinafter referred to as fall corresponding to the WOA
dataset) rather than in winter.

Owing to the major discrepancies among the previous stud-
ies, it becomes necessary and highly desirable to revisit the hy-
draulic theory and provide a more complete understanding of
the seasonality of the deepwater overflow and its related ocean
dynamics in the Luzon Strait. In fact, taking a closer inspection of
the monthly or seasonal density profiles on both sides of the
Luzon Strait, one can find that not only the density difference but
also the bifurcation depth is seasonally varying. If the bifurcation
depth or the thickness of the deepwater overflow varies, the
transport of the deepwater overflow varies too. However, by as-
suming a constant bifurcation depth, this impact on the seasonal
variability of the deepwater overflow was ignored in the previous
studies. On the other hand, since the previous studies applied hy-
draulic theory to the deepwater overflow in the Luzon Strait
based either on model results (Lan et al., 2015; Zhao et al., 2014)
or on the coarse-resolution hydrographic dataset (WOAO01), it
seems favorable to address this issue by using comparatively high
resolution and up to date hydrographic datasets. In this study,
both newly-structured observation-based hydrographic model
data and the most complete observational hydrographic data are
analyzed to achieve consistent conclusions and provide a fresh
understanding of the seasonality of the Luzon Strait deepwater
overflow. Specifically, the U.S. Navy generalized digital environ-
ment model (GDEM) (Teague et al., 1990) has recently been up-
dated as the version GDEM-V3.0 to provide a new temperature
and salinity climatology (Carnes, 2009). According to Teague et
al. (1990), both GDEM and WOA can similarly describe the large-
scale oceanographic features, but the GDEM appears to render
better representations of the seasonal variability and regions of
high current shear because of a different smoothing method and
a finer-grid spacing. Meanwhile, the National Oceanographic
Data Center (NODC) of U.S. National Oceanic and Atmospheric
Administration (NOAA) has also upgraded the WOAO09 dataset to
WOAL13 (Boyer et al., 2014). The latest versions of both datasets
are eagerly expected to present comparatively reliable potential
density profiles for describing the unknown seasonality of the
Luzon Strait deepwater overflow.

The main objective of this study is to contrast the relative im-
portance between the thickness of the deepwater overflow and
the density difference between two sides of the Luzon Strait, and
reveal the seasonal variability of the deepwater overflow based

on the latest versions of the GDEM and the WOA, as well as verify
the response of the deep SCS circulation to the deepwater over-
flow in the Luzon Strait. The data and method of analysis are
briefly described in Section 2. Results are presented in Section 3,
followed by a summary and discussion in Section 4.

2 Data and method of analysis

2.1 GDEM-V3.0

In the GDEM-V3.0, the gridded ocean temperature and salin-
ity data have been generated by 4.5x108 observed T-S profiles
dating back to 1920. The monthly climatology of the temperature
and salinity is distinctively truncated to three decimal places
(0.001 precision), with a horizontal resolution of 0.25°x0.25° and
78 vertical levels from the sea surface to 6 600 m. The denser ver-
tical layers of the GDEM-V3.0 are conducive to reflect more ac-
curate density profiles than those of coarse resolution models in
the deepwater. The GDEM-V3.0 has been improved greatly in
comparison with its earlier versions (e.g., GDEM-V2.6). The ma-
jor difference is that GDEM-V3.0 horizontally interpolates tem-
perature and salinity separately at each depth level instead of fit-
ting temperature profiles to a prescribed nonlinear function. The
improved gridding algorithm and eliminated interpolation across
land boundaries describe temperature and salinity fronts much
better along land the boundaries at each depth. A vertical gradi-
ent correction is employed to reduce the bias and improve the
vertical gradients in the averaged profiles (Carnes, 2009), which
could be an important benefit to this work.

2.2 WOAI3

The monthly climatology of the observed temperature and sa-
linity in the WOA13 dataset only covers 1 500 m of depth in the
ocean. In order to investigate the Luzon Strait deepwater over-
flow, which exists below the depth of 1 500 m, we choose the sea-
sonal climatology of the temperature and salinity. The seasonal
climatology of the temperature and salinity with a horizontal res-
olution of 0.25°x0.25° and 102 vertical levels from the sea surface
to 5 500 m has been markedly improved compared with the pre-
vious WOA versions with 1° horizontal resolution and 33 stand-
ard depth levels. The latest version of the GDEM and WOA data-
sets with finer resolution are conducive to describe the seasonal
density structure of the Luzon Strait deepwater (Table 1).

The deepwater overflow in the Luzon Strait is driven by the
inhomogeneous density distribution between the two sides of the
strait. To accurately describe the water density in the upstream
and downstream of the Luzon Strait, we use two 1°x1°square
areas to collect and average the temperature and salinity. The
square area A (21°-22°N, 122°-123°E) is just located near the east-
ern tip of the Bashi Channel to represent the upstream area of the
Luzon Strait (i.e., the western Pacific side), while square area B
(20°-21°N, 120°-121°E) is located near the southwest end of the
Luzon Trough to stand for the downstream area of the Luzon
Strait (i.e., the SCS side) (Fig. 1). The density difference between
the two sides of the Luzon Strait, hereinafter, indicates the dens-
ity averaged in Area A minus the density averaged in Area B.

2.3 Application of hydraulic theory

On the basis of the hydraulic theory, the maximum volume
transport Q through a deep passage can be estimated as follows
(readers are directed to Whitehead (1989, 1998) and Qu et al.
(2006)):
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Table 1. Comparison of data sources

5,P.1-8 3

Data Version Source Climatology Resolution Vertical level Deepest level/m
GDEM-V2.6 earlier model monthly 0.5°x0.5° 35 5500
GDEM-V3.0 latest model monthly 0.25°%0.25° 78 6 600

WOAO09 earlier observation seasonally 1°x1° 33 5500
WOA13 latest observation seasonally 0.25°%0.25° 102 5500
105° 110° 115° 120° 125°E at the bifurcation depth; h is the upstream fluid interface height
2130 T i i iy - e 0 above the averaged sill (i.e., the upstream layer thickness of the
ina’s Maipland =P l 500 deepwater overflow) in the Bashi Channel; and (2g'h,)'/?/fis the
4 > . Rossby radius. According to Whitehead (1998), the density differ-
200 _ 12 J 1000 ence used in Eq. (1) is the maximum value of the density differ-
o ie.. 9 1500 ence between the upstream and downstream of the deepwater
5000 passage, occurring at any depth from the bifurcation to the sill. In
£ this study, the density difference between Areas A and B in-
15° 2 500 g creases with depth from the bifurcation to the averaged sill. Thus,
3000 A the maximum density difference equals the density difference at
the averaged sill depth (Fig. 2). With the definitions given by
10° L 3500 Whitehead (1998), based on the WOA13 climatological data, we
4000 have the mean bifurcation depth of 1 439 (m), h,=2 181-
1 439=742 (m), and the maximum density difference Ap=0.061 1
N pr 4 A " - #RQ 4500 kg/m3, thus the Rossby radius r=17.8 km when the Coriolis para-
50 w4 gy | 5000 meter is used at 21°N in the Bashi Channel. According to Smith

Fig. 1. Bottom topography of the South China Sea (Smith and
Sandwell, 1997). The square area A (21°-22°N, 122°-123°E) and B
(20°-21°N, 120°-121°E) represent the Pacific side (upstream) and
South China Sea side (downstream) of the Luzon Strait respect-
ively. The black line marked “BC” indicates the sill section of the
Bashi Channel at the eastern tip, with its average depth of
2181 m along this section.

g’hﬁ when L > (gg’hu)1/2

= —_ 1
Q of 7 M

where g'=gAp/p, gis the gravitational acceleration, p and Ap are
the characteristic density of deepwater and the maximum water
density difference between the upstream and downstream of the
passage; fis the Coriolis parameter; L is the width of the passage

1200

—Area A
1400 | ——AreaB
1600

1800 F

Depth/m

2000

2200 r

2400 r

2 600
36.5

36.6 367 368 369 370 371 372
Potential density/kg-m

and Sandwell’s (1997), at the bifurcation depth, the width of sill
section in the Bashi Channel is a little wider than 0.2° latitude
(i.e., 22.2 km), which is slightly greater than the Rossby radius of
17.8 km. Therefore, the case for wide channel applies. From Eq.
(1), we can see that the volume transport Q depends on the up-
stream layer thickness h, and density difference Ap, which are a
seasonal variable as demonstrated in the following section.

3 Seasonality of deepwater overflow

3.1 A brief review of climatological mean potential density

Figure 2a shows a gradually increasing density difference with
depth below the bifurcation based on the WOA13. The maximum
density difference between Areas A and B is 0.061 1 kg/m? occurring
at the average sill depth. According to Eq. (1), the climatological
mean deepwater overflow is estimated to be 3.04x106 m3/s.
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Fig. 2. Annual mean potential density profiles based on WOA13 (a) and GDEM-V3.0 (b) averaged in Areas A and B.

On the other hand, based on the GDEM-V3.0, Fig. 2b illus-
trates the climatological mean potential density profiles of the
both sides of the Luzon Strait, showing that below the bifurca-
tion depth of 1 452 m water on the Pacific side is of higher dens-

ity than water on the SCS side. Resulting from the well stratified
north Pacific water and the relatively homogeneous SCS water in
the deep layer, the density difference yields a pressure head that
drives a westward deepwater overflow into the SCS above the
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Luzon Strait sill. With the maximum density difference of 0.064 8
kg/m?3 and h,=729 m, the climatological mean deepwater over-
flow is estimated to be 3.1x108 m3/s, indicating a highly consist-
ent estimate with that from the WOA13. This magnitude of trans-
port is coincident with the boundary current transport below
2400 m in the SCS estimated by Wang et al. (2011), specifically,
3.13x10% m3/s of westward transport through the northern
boundary of 117°E section, 2.92x10® m3/s of southward transport
through the western boundary of 16°N section, and 3.11x108 m3/s
of eastward transport through the southern boundary of 117°E
section.

Moreover, the potential densities at the average sill depth
(2181 m) in Area A (36.91 kg/m?) and Area B (36.85 kg/m3) are
fairly consistent with in sifu observations from Zhao et al. (2014).
Along the Luzon Strait, the internal tides and waves over rough
topography, such as seamounts, ridges and canyons, enhance
the diapycnal mixing in the Luzon Strait by up to two orders lar-
ger than its counterpart in the North Pacific, consequently trans-
forming well-stratified north Pacific deepwater into rather homo-
geneous SCS deepwater (Tian et al., 2009). As reported by Zhao et
al. (2014), the observed potential density at the sill depth is 36.92
kg/m3 in the upstream and 36.87 kg/m3 in the downstream of the
Luzon Strait. The consistency in the potential density between
the GDEM-V3.0 and the observations (Zhao et al., 2014) in-
creases our confidence in the quality of the GDEM-V3.0. We
therefore believe that the GDEM-V3.0 is well suited for the
present study.

3.2 Relative importance of bifurcation depth and density differ-
ence

Similar to the analysis described above, we calculate the po-
tential density on the two sides of the Luzon Strait using the
monthly climatology of the GDEM-V3.0 and seasonal climato-
logy of the WOA13, and find that both the bifurcation depth and
the density difference vary with time (Figs 3a and b). Figure 3a il-
lustrates the bifurcation depth with two lower positions and two
higher positions for both datasets, varying between 1 414 m and
1 525 m. A semiannual-like variability is revealed. The bifurca-
tion depth in WOA13 peaks in fall (October-December), while
that in the GDEM-V3.0 reaches its highest position in December.
The bifurcation depth in the two datasets reaches its second
highest position in spring (April-June) and June, respectively.
Similarly, the bifurcation depth in the WOA13 is of lower posi-
tions in winter and summer, while that in the GDEM-V3.0
reaches its deepest positions in April and August. Hence, the
thickness of the deepwater overflow, /=2 181 minus the bifurca-
tion depth, is not a constant as assumed by previous studies, but
is highly variable with season, which is expected to influence the
seasonality of the deepwater overflow in the Luzon Strait.

The most notable feature of the density difference between
the two sides of the Luzon Strait (Fig. 3b), a measure of the baro-
clinic pressure head, is its positive value all year round, which
confirms a persistent deepwater overflow crossing the Luzon
Strait sill from the western Pacific to the SCS. The enhanced
diapycnal mixing in the Luzon Strait and the SCS is believed to be
responsible for the density difference (Qu et al., 2006; Tian et al.,
2009). Other features of the density difference include: (1) the rel-
atively smaller density difference in winter and spring in the
WOAI13 and (2) the relatively larger density difference with little
variability throughout the year in the GDEM-V3.0. The causes for
these differences between the two datasets are not known. They
could result in part from the limited availability of observations.

On the basis of the GDEM-V3.0, the shallowest and deepest

bifurcations of the year take place at 1 414 m in December and
1478 m in April. The corresponding h,, is 767 m in December and
703 m in April. Considering the role of i, raised to a power
(Whitehead, 1989, 1998), the ratio of the transport induced by A,
equals 767%2/7032=119%. In other words, the maximum monthly
transport is 19% greater than the minimum monthly transport in-
duced by changes in the bifurcation depth. In contrast, as shown
in Fig. 3b, the greatest density difference is 0.065 3 kg/m3 in Au-
gust, and the smallest density difference is 0.064 45 kg/m?3 in
January. The corresponding ratio of transport induced by the
density difference is 0.065 3/0.064 45=101.3%. This shows the
maximum transport is 1.3% greater than the minimum transport
induced by changes in the density difference. Therefore, the vari-
ability of the transport induced by the thickness of the overflow is
significantly greater than that induced by the density difference
between the two sides of the Luzon Strait.

On the other hand, the variability in the thickness of the deep-
water overflow and the density difference between the two sides
of the Luzon Strait in the WOA13 is greater than that in GDEM-
V3.0. Among the four seasons, the greatest /, (761 m) occurs in
fall, and the smallest (656 m) in summer. The ratio of the volume
transport induced by variable h, is 7612/656°=134%, while the ra-
tio of the greatest (0.064 6 kg/m? in summer) to the smallest
(0.055 2 kg/m3 in winter) density difference is 117%. It confirms
again that the variable h, induces a larger seasonal variability
than the density difference does. In other words, both datasets
indicate that the bifurcation depth is a more important factor in-
fluencing the seasonal variability of the deepwater overflow. Ig-
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Fig. 3. Seasonal cycle of the bifurcation depth (a) and the differ-
ence of potential density (kg/m3) between Areas A and B at 2 181
m (b), and deepwater overflow transport (blue dots for the
GDEM and red lines for the WOA) estimated from Eq. (1) and the
monthly climatology of the along Bashi Channel velocity from
observations (asterisks) reported by Zhou et al. (2014) (c).
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noring this factor will lead to incorrect conclusions.

3.3 Seasonal variability of deepwater overflow

The seasonal climatology of the deepwater overflow trans-
port is calculated from Eq. (1), based on the seasonally variable
bifurcation depth (Fig. 3a) and the density difference (Fig. 3b).
The result illustrates a similar variability to the bifurcation depth
(Fig. 3c), but differs from that of the density difference. Again, it
suggests that the thickness of the overflow is the more important
factor influencing the deepwater overflow, while the density dif-
ference is relatively minor based on the existing datasets we have
used.

Similar to the bifurcation depth, the most notable feature of
the deepwater overflow is the semiannual-like variability derived
from both WOA13 and GDEM-V3.0. The overflow derived from
the WOA13 is weaker in winter and summer, and stronger in
spring and fall. Likewise, the monthly climatology of the deepwa-
ter overflow derived from the GDEM-V3.0 represents a rather dis-
tinct semiannual variability throughout the year: with two min-
ima in April (2.87x10% m3/s) and August (3.0x10® m3/s) and two
maxima in December (3.4x10% m3/s) and June (3.3x10° m3/s).
The seasonal climatology of both datasets reveals the strongest
Luzon Strait overflow occurring in fall and the weakest in winter
or early spring, which has never been reported by previous nu-
merical modeling studies. As a convincing evidence, this season-
al variability of deepwater overflow is coincident with the
monthly climatology of velocity along the deep Bashi Channel re-
ported by Zhou et al. (2014) based on the 3.5 a continuous in situ
observation (Fig. 3¢). This observed along-channel velocity,
which is the longest existing time series in the Luzon Strait, also
demonstrates a semiannual-like variability, with the weakest ve-
locity occurring in March and August and the strongest velocity
occurring in November-December and June. It substantially
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confirms our estimate of the deepwater overflow derived from
the hydraulic theory. So, according to all these observations, the
Luzon Strait deepwater overflow can be more likely classified as a
weak semiannual variability. It is not as simply as being ad-
dressed stronger in one season and weaker in the opposite sea-
son by the previous studies based on numerical simulations.

3.4 Influence of deepwater overflow on the deep SCS circulation
To examine the influence of varying deepwater overflow on
the deep circulation pattern, we use the thermal wind relation to
calculate the geostrophic velocity (e.g., Stommel and Arons,
1959-1960). The sensitivity of the geostrophic velocity to the se-
lection of a no-motion reference level has been discussed by pre-
vious studies (e.g., Qu et al., 1998; Wang et al., 2011). In this
study, the no-motion reference level is chosen at depths of 1 500
m and 2 400 m, respectively, in the two cases of the calculation.
The former corresponds to the climatological mean bifurcation
depth, and the latter is just below the deepest sill of the Luzon
Strait. Though there are some discrepancies between these two
cases of no-motion reference level, the overall circulation pat-
terns are similar. Figure 4 illustrates the depth averaged currents
below 2 400 m in April, June, August and December, with the no-
motion reference level at 1 500 m based on the GDEM-V3.0. Ow-
ing to the similarity, we do not show the depth averaged currents
with the no-motion reference level at 2 400 m. The geostrophic
currents in the deep SCS Basin characterize that the deepwater
overflow spreads away from west of the Luzon Strait, turns north-
westward/southwestward off the southern China continental
slope, intensifies along the western boundary of the deep basin,
and eventually forms a basin-wide cyclonic circulation (e.g., Qu
et al., 2006; Wang et al., 2011). Obviously, Fig. 4 does not show
any significant seasonal variability in the deep circulation of the
SCS, even though the circulation patterns of April and August
(Figs 4a and c) correspond to the weakest overflow and those of
June and December (Figs 4b and d) correspond to the strongest

11 113 115° 117° 119° 121°E
24° _ — 1.0
N | b =
22° Z
0.8
20°
. 06 &
18 5
>
16° %r H 1\/\\""}1 SE? 04 g
2 43
140 i e
7 [@‘77///’” ~
f \\i\{\(\§§§£‘2“ﬂf; . T 0.2
12° NN =2
» :v
o B .
e 113 115 117° 119° 121°E
24° _ — 1.0
N | d =
22° v 7

= !
20° O
> &

1 S
Z) 74 0.6
AN
=\
%3

0.4

18°

\
Velocity/cm-s™!

e )
k!ﬁ\/ﬁ/\l\k”
S —
S
W

¢

/,,,,.ﬂ,,,
&

10°

Fig. 4. Depth averaged velocity below 2 400 m in the SCS based on the GDEM-V3.0 in April (a), June (b), August (c), and December
(d) with the no-motion reference level at 1 500 m. The color bar depicts the strength of velocity.
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overflow in the Luzon Strait. The reason probably lies in the fact
that the seasonal variability of the Luzon Strait deepwater over-
flow is relatively weak. On the other hand, it may take some time
for dense Pacific water to form a possible cyclonic circulation in
the deep SCS Basin (Qu et al., 2006; Wang et al., 2011; Zhu et al.,
2016). Therefore, one may have reasons to expect a phase-lag
between changes in the Luzon Strait deepwater overflow and
changes in the SCS circulation. The formation and adjustment of
the deep circulation also depend on waves in the deep SCS Basin,
which need to be investigated by separate studies in the future
when observations in the deep SCS are available.

The WOA13 dataset shows a rather different and irregular
deep circulation pattern below 2 400 m in Fig. 5. This seasonal
circulation pattern truly reflects the fact that observations in the
vast deep basin of the SCS are sparse. With only tens of temperat-
ure and salinity profiles at the depth of 3 500 m or below, the sea-
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sonal circulation pattern does not construct a “regularly” cyclon-
ic gyre as the GDEM-V3.0 model output does in the deep SCS.
Some “certain” messages we can obtain from these charts in-
clude the spreading overflow away from west of the Luzon Strait,
the irregularly cyclonic gyre in the central basin in winter and
spring, and a cyclonic circulation at the southwest end of the
basin. The weakest circulation pattern does not occur in winter to
correspond to the weakest overflow in the Luzon Strait. Similarly,
the strongest circulation pattern does not occur in fall to corres-
pond to the strongest overflow. Instead, the deep circulation in
fall is the weakest among the four seasons throughout the year.
These results further consolidate the opinion that the seasonal
mean circulation pattern in the deep SCS does not respond syn-
chronously to the seasonality of the deepwater overflow in the
Luzon Strait.
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Fig. 5. Depth averaged velocity below 2 400 m in the SCS based on the WOA13 in winter (January-March) (a), spring (April-June) (b),
summer (July-September) (c), and fall (October-December) (d) with the no-motion reference level at 1 500 m. The color bar depicts

the strength of velocity.

4 Summary and discussion

Our analysis based on the WOA13 and GDEM-V3.0 datasets
confirms the existence of an all year-round density difference
between the two sides of the deep Luzon Strait, which is respons-
ible for the persistent deepwater overflow from the western Pa-
cific into the SCS. The seasonal variation in this density differ-
ence was believed to play a leading role in modulating the Luzon
Strait deepwater overflow. But, our analysis shows that the sea-
sonal varying bifurcation depth plays a more important role in
generating the seasonal variability of the deepwater overflow. Ig-
noring the seasonal variation of the bifurcation depth would lead
to inaccurate estimate of the deepwater overflow. For example,
Zhou et al. (2014) detected a seasonal maximum in fall and a sea-
sonal minimum in spring in velocity of the deepwater overflow,
which is inconsistent with the seasonal variability of the density
difference. Our results indicate that the deepwater overflow

reaches its seasonal maximum in December (3.4x10% m3/s,
GDEM-V3.0) or in October-December (3.36x106 m3/s, WOA13),
with two maxima and minima presenting a semiannual-like vari-
ability. This weak semiannual variability is consistent with the
monthly climatology of the longest (3.5 a) observed velocity in
the Bashi Channel, the major deepwater pathway in the Luzon
Strait. The deepwater overflow is relatively weak in the other sea-
sons, with its seasonal minimum occurring in winter (2.39x10°
m3/s, WOA13) or in April (2.87x10% m3/s, GDEM-V3.0). Neither
GDEM-V3.0 nor WOA13 shows evidence for a good correspond-
ence between the seasonal circulation pattern in the deep SCS
Basin and the seasonal variability of the deepwater overflow in
the Luzon Strait. In fact, since it takes time for the dense Pacific
water to pass through the Luzon Strait and possibly form a cyc-
lonic circulation in the deep SCS Basin, we believe that a certain
period of time-lag between the two is reasonable. But, how long
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this time-lag is remains unknown, and this needs to be investig-
ated further by research as observations in the deep SCS become
available.

In general, the hydraulic theory provides an upper bound es-
timate of the deepwater overflow, since it ignores the complex
bathymetry, overlying flow, and friction (e.g., Qu and Song,
2009). The ratio of hydraulic estimation to direct observation
ranges from 1.0 to 2.7 according to a previous study by White-
head (1998). Likewise, the deepwater overflow in the Luzon Strait
is significantly overestimated by the hydraulic theory, compared
with those from the direct observations of Zhou et al. (2014) and
Zhao et al. (2014). Nevertheless, the main features, including the
weak semiannual variability, are consistent with the monthly cli-
matology of the along-channel velocity reported by Zhou et al.
(2014).

A complete understanding of the hydraulic theory with its ap-
plication to the Luzon Strait based on the GDEM-V3.0 and
WOA13 datasets appears to confer some insight into the season-
ality of the deepwater overflow. How temperature and salinity in
the deep ocean respond to the surface wind and heat flux is un-
known. Why the deepwater overflow is of maximum thickness in
December or late fall and how this variability is related to adja-
cent water in the western Pacific require further investigation.
Our preliminary result shows that the stronger deepwater over-
flow is always accompanied by lower potential temperature of
the deepwater on the Pacific side of the Luzon Strait, while the
weaker deepwater overflow always concurs with higher potential
temperature, as shown in Fig. 6. This result was derived from the
WOA13 and the GDEM-V3.0 and verified by the in situ observa-
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Fig. 6. The relationship between the deepwater overflow in the
Luzon Strait and the potential temperature (°C) at depth of 2 000
m in Area A, based on WOA13 (a), GDEM-V3.0 (b), and relation-
ship between the along-channel velocity and the potential tem-
perature (°C) in the Bashi Channel reported by Zhou et al. (2014) (c).

tion of Zhou et al. (2014), but it has never been reported by previ-
ous studies. A lower temperature on the Pacific side of the Luzon
Strait may result in a higher density in the deep water. As a result
of enhanced diapycnal mixing, water on the SCS side of the
Luzon Strait is relatively homogeneous. Thus, a higher density of
deepwater on the Pacific side means a stronger baroclinic pres-
sure head driving force with the greater thickness of the deepwa-
ter overflow, which generates the strongest deepwater overflow
of the year.
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