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[1] Moored current measurements were made at one mooring site in the northern Gulf of
Tonkin for about 1 year during 1988–1989. Analyses were performed to examine
characteristics and variability of tidal and subtidal ﬂows. Rotary spectra showed two peaks
at diurnal and semidiurnal periods, with higher diurnal energy. Complex demodulations of
diurnal and semidiurnal tidal currents indicated that the tidal current magnitudes varied
signiﬁcantly with seasons: more energetic in the stratiﬁed summer than in the vertically
well-mixed winter. The observed subtidal currents were highly correlated with the surface
wind in winter but not in summer; challenging the conceptual summertime anticyclonic
circulation pattern derived using wind-driven homogenous circulation theory. The
computed currents from a global ocean model were in good agreement with the observed
currents. Similar to the current observations, the model-computed ﬂow patterns were
consistent with the conceptual wind-driven circulation pattern in winter but opposite in
summer. Process-oriented experiments suggest that the summertime cyclonic circulation in
the northern Gulf of Tonkin forms as a result of the combination of stratiﬁed wind-driven
circulation and tidal-rectiﬁed inﬂow from Qiongzhou Strait. The interaction between the
southwest monsoon and buoyancy-driven ﬂow from Hong River can signiﬁcantly intensify
the cyclonic circulation near the surface, but its contribution to the vertically averaged ﬂow
of the cyclonic circulation is limited.
Citation: Ding, Y., C. Chen, R. C. Beardsley, X. Bao, M. Shi, Y. Zhang, Z. Lai, R. Li, H. Lin, and N. T. Viet (2013), Observational
and model studies of the circulation in the Gulf of Tonkin, South China Sea, J. Geophys. Res. Oceans, 118, doi:10.1002/2013JC009455.

1.

Guangdong and Hainan Island) and to the southern SCS
basin between Hainan Island on the east and Vietnam’s
coast on the west. In addition to water exchanges through
these two openings, water in the Gulf is supplied by freshwater discharge from rivers that terminate along the northern coast. The Hong River is the largest river, with its
mouth located near the China-Vietnam boundary around
21 N. Due to the East-Asian monsoon climate, the runoff
of this river is generally larger in summer and lower in winter, with a maximum discharge rate of >1.0 3 104 m3 s21
in August [Chen et al., 2012a,b]. This rate is about 10 times
larger than the sum of runoff rates from all smaller rivers
entering the Gulf along the Guangxi coast (Figure 2).
[3] The water movement in the Gulf of Tonkin is driven
by tides, monsoon surface forcing, and river discharge
[Wyrtki, 1961; Guan and Chen, 1961; Fang, 1986; Shi
et al., 2002; Chen et al., 2012a,b]. Water level recorded at
tidal gauges, by satellite altimeters, and numerical model
simulations indicate that the tides in this coastal region are
characterized by progressive surface gravity waves dominant at the diurnal (K1 and O1) and semidiurnal (M2 and
S2) frequencies [Fang, 1986; Hu et al., 2001; Shi et al.,
2002]. As a result of larger diurnal tidal energy ﬂux entering the Gulf along the western coast of Hainan, the maximum amplitude of diurnal tidal elevation in this region is
about 0.5 m higher compared to that of the semidiurnal

Introduction

[2] The Gulf of Tonkin is a shallow marginal sea located
in the northwestern South China Sea (SCS) (Figure 1). The
isobaths in the Gulf run approximately along the coast,
with depths <50 m north of 19.5 N. The Gulf is connected
to the northwestern shelf of the SCS on the east through
Qiongzhou Strait (located between Leizhou Peninsula in
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Figure 2. Climatological monthly mean freshwater discharges from the Hong River, Vietnam and rivers along the
coast of Guangxi Province, China. Data for the Hong River
was from Chen et al. [2012].

Figure 1. Map of the Gulf of Tonkin. Contours indicate
isobaths in meters. Red dots are locations of the rivers. The
red triangle and label ‘‘A’’ shows the location of the mooring site for the 1988–1989 current measurements. Black
dots with labels from B08 to B14 are the hydrographic stations taken in the winter and summer seasons in 2006.

[2008] applied a potential vorticity model to investigate the
physical mechanism driving the summertime circulation in
the Gulf of Tonkin under homogenous conditions. Specifying the vorticity ﬂux at the boundary connected to Qiongzhou Strait, they found that a gulf-wide cyclonic circulation
could form as the potential vorticity balance in the Gulf of
Tonkin in summer.
[5] No studies, to our knowledge, have considered the
contribution of river discharge to the summertime circulation in the Gulf of Tonkin. Most previous modeling studies
in this region were built on homogenous conditions with no
buoyancy forcing. The freshwater discharge from the Hong
River has a summertime average value of 1.0 3 104 m3
s21, with a peak greater than 4.0 3 104 m3 s21 during
some wet years [Chen et al., 2012a, 2012b]. In general, the
river-discharge water turns anticyclonic and ﬂows southward along the coast after it enters the Gulf of Tonkin.
Since the bathymetry in the northern region is relatively
ﬂat, the river plume water could turn cyclonically northward under a southwesterly wind condition during summer.
Recent hydrographic surveys [Sun et al., 2009] in the
northern Gulf of Tonkin showed that the water was vertically well mixed during winter, but was stratiﬁed with a
signiﬁcant vertical gradient above the bottom boundary
layer in a region shallower than the 40 m isobath, where a
small amount of freshwater discharge from local rivers
along the Guangxi coast existed (Figure 4). Does the summertime circulation in this region feature an anticyclonic
circulation or cyclonic circulation ? If it is cyclonic, what is
the key physical driving mechanism? At what level does
freshwater discharge from the Hong River and stratiﬁcation
inﬂuence the summertime circulation in the Gulf of Tonkin? Are the tides a negligible factor for the generation of
the cyclonic circulation? To our knowledge, these questions have not been addressed in previous studies.
[6] In this paper, we attempt to address these questions
by analyzing direct current measurement data taken in the
northern Gulf of Tonkin during 1988–1989 and processoriented numerical modeling experiments. Due to territorial
restrictions, very few direct current measurements have

tidal elevation [Fang et al., 1999]. Tidal rectiﬁcation, due
to the nonlinear interaction between tidal currents, bottom
topography, bottom friction, and the earth’s rotation, is
generally weak in the interior of the Gulf but stronger near
the coast, around islands and within Qiongzhou Strait [Shi
et al., 2002; Chen et al., 2012a,b]. It is a key physical
mechanism generating a net inﬂow into the Gulf of Tonkin
through Qiongzhou Strait [Shi et al., 2002].
[4] The Gulf of Tonkin is within the East-Asian monsoon regime with northeasterly (blowing from the northeast) wind during September through April and
southwesterly wind during summer [Manh and Yanagi,
2000]. If driven purely by the monsoon wind under homogenous ocean conditions, the circulation in this region
should be cyclonic in winter and anticyclonic in summer
(Figure 3) [Wyrtki, 1961; Guan and Chen, 1961; He,
1987; Manh and Yanagi, 2000; Sun and Huang, 2001].
The cyclonic circulation in winter has been demonstrated
in previous observations [Wyrtki, 1961; Xu et al., 1980;
Zhuang et al., 1981]. Whether or not an anticyclonic circulation dominates in summer, however, has been recently
challenged [Shi et al., 2002; Yang et al., 2003; Bao et al.,
2005; Wu et al., 2008]. Shi et al. [2002] analyzed a 37 year
current data set measured in Qiongzhou Strait and found
that during summer the strait featured a relatively permanent westward ﬂow with a net transport of 0.4 Sv entering
the Gulf of Tonkin. Mainly tidal rectiﬁcation rather than
wind forcing drives this transport. This westward ﬂow was
also observed in drifter measurement reported in Yang
et al. [2003]. These observations are contrary to the anticyclone circulation derived with wind-driven theory. Shi
et al. [2002] believed that as an adjustment of the ﬂow to
the earth’s rotation, this net westward transport could cause
the water in the northern Gulf of Tonkin to move cyclonically. Motivated by the observational evidence, Wu et al.
2
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Figure 3. Schematic of the conceptual seasonal circulation patterns in the Gulf of Tonkin based on
wind-driven circulation theory with consideration of the 1960s China and Vietnam joint hydrographic
survey results.
circulation in the northern Gulf of Tonkin. In section 5, the
summary is given.

been made in this region. Harmonic, spectral, low-pass ﬁlter, and correlation analyses were performed on these data
with an aim at understanding the characteristics and variability of tidal and subtidal ﬂow ﬁelds and their relationship
to seasonal change in stratiﬁcation and wind. Good agreement between the model-computed and observed currents
at measurement sites promoted process-oriented modeling
experiments for the purpose of studying the physical mechanism for the summertime circulation in the Gulf of
Tonkin.
[7] The rest of the paper is organized as follows. In section 2, the current data and model used in the study are
brieﬂy described. In section 3, harmonic, spectral, and correlation analysis results of the current data are presented. In
section 4, the model-data comparisons are made and
process-oriented numerical experiments are carried out to
study the physical mechanism for the summertime cyclonic

2.

Field Data and Model

2.1. Current Meter Data
[8] Current measurements were made at mooring site A
(shown in Figure 1) during October 1988 to September
1989 (Figure 5). Site A was located at 108 370 3800 E,
20 4824900 N in the northern Gulf of Tonkin around the 40
m isobath. Aanderaa-type (Recording Current Meter
(RCM8)) current meters were deployed at depths of 10, 20,
and 30 m below the surface. During this deployment, the
wind was recorded hourly at site A. For a variety of reasons, some current records have data gaps over the measurement period. The longest gap was 43 days in the 20 m
record during March to April, 1989. The analysis was
3
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Figure 4. Summertime and wintertime salinity distributions on transect B08-B14 in the northern Gulf
of Tonkin measured during hydrographic surveys made in summer and winter, 2006. Red dashed line
denotes the height of the bottom boundary layer in the summer season. The salinity data were digitalized
from ﬁgures listed in Sun et al. [2009].

conducted using the hourly sampled data. A 3 h low-pass
ﬁlter was applied to convert 0.5 h sampled data to hourly
records. Rotary spectra for the water velocity were calculated to identify the prominent energy signals and frequencies. Harmonic analysis and the band-pass ﬁltered complex
demodulation method were used to examine the characteristics and variability of barotropic and internal tidal currents at the site. The subtidal ﬂow is deﬁned as the 33 h
low-passed ﬁltered velocity. Correlation analysis was performed between subtidal currents and wind velocity to
qualify the role of wind forcing in the seasonal variability
of the circulation in the Gulf of Tonkin.

2.2. The Model
[9] We compared the observed water velocity to the
model-computed velocity at site A. The model used for this
comparison was the Global-FVCOM developed recently by
the joint research team of University of MassachusettsDartmouth (UMASSD) and Woods Hole Oceanographic
Institution (WHOI). Global-FVCOM was built under the
platform of the unstructured-grid Finite-Volume Community Ocean Model (FVCOM) [Chen et al., 2003, 2006a,
2006b, 2012a, 2012b]. It is a fully ice-ocean coupled primitive equation unstructured-grid, ﬁnite-volume ocean model
that is driven by (a) astronomical tidal forcing with eight
constituents (M2, S2, N2, K2, K1, P1, O1, and Q1), (b) surface wind stress, (c) net heat ﬂux at the surface plus shortwave irradiance in the water column, (d) surface air
pressure gradients, (e) precipitation (P) minus evaporation
(E), and (f) river discharge [Gao et al., 2011]. The model
features a horizontal resolution of 2–5 km (measured by
the length of the longest edge of a triangular cell) within
the Arctic and US coastal regions and of 15 km in the
Gulf of Tonkin, SCS. The vertical grid is constructed with
a hybrid terrain-following coordinate with a total of 45
layers [Chen et al., 2009]. The s coordinate was used in
regions with depth greater than 225 m, with 10 uniform
layers (5 m thick) near the surface and ﬁve uniform layers
(5 m thick) near the bottom, respectively, to better resolve
surface and bottom boundary layers. In shelf and coastal
regions of depth less than 225 m, the r coordinate with a
uniform layer thickness is speciﬁed. The coordinate transition thus occurs smoothly at a depth of 225 m where all
layers have a uniform thickness of 5 m. In the Gulf of
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Figure 5. Time line of the 1988–1989 measurements at
site A. Black heavy lines: water current measurements.
Gray heavy line: wind measurements.
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Tonkin, the vertical solution is 2.2 m or less in the regions
shallower than 100 m. Global-FVCOM is integrated
numerically with time using a semi-implicit FVCOM
solver with a default setup of the modiﬁed Mellor and
Yamada level 2.5 (MY-2.5) and Smagorinsky turbulent
closure schemes for vertical and horizontal mixing, respectively [Mellor and Yamada, 1982; Smagorinsky, 1963].
The time step used for integration was 300 s.
[10] With a 50 year spin-up, Global-FVCOM has been
run under realistic forcing conditions for the 35 year period
1978–2012. The model results were and are being validated
in the Arctic, northwest Atlantic Ocean shelf regions, and
other regions [e.g., Chen et al., 2009; Gao et al., 2011;
Chen et al., 2012a, 2012b; Hu et al., 2012; Lai et al.,
2013]. To identify and quantify the physical driving mechanism for the summertime circulation in the Gulf of Tonkin,
we reran Global-FVCOM for 1988–1989 by turning off or
on stratiﬁcation, tides, Hong River discharge, winds, and
surface heat ﬂux. It was approached by running a subdomain Gulf of Tonkin FVCOM that was constructed using
the same grid of Global-FVCOM and nesting with GlobalFVCOM outside the SCS. With the same grids used in both
subdomain and global models, running the subdomain
model shows the same results in the Gulf of Tonkin as running the Global-FVCOM. This approach enabled us to conduct the process-oriented experiments efﬁciently.

3.
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Figure 6. Rotary spectra of water velocities measured at
depths of 10, 20, and 30 m during the 1988–1989 deployment. Total: the total energy. CW: the clockwise energy.
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depth of 20 m are shifted downward by 102, and spectra at
the depth of 30 m are shifted downward by 104. Rotary
spectra were estimated using the hourly data. Spectra density is in (cm/s)2/cpd.

Results From Current Measurements

3.1. Structure of Barotropic and Internal Tidal Currents
[11] Rotary spectral analysis [Gonella, 1972; Chen
et al., 1996] was performed on the site A hourly current
time series. Distributions of the rotary spectra energy with
respect to frequency were similar at the measurements
depths throughout the water column (Figure 6); all
featured two prominent peaks at the diurnal and semidiurnal frequencies. Both the clockwise-rotating and
counterclockwise-rotating motions were signiﬁcant for
diurnal and semidiurnal tidal currents. The clockwiserotating component was slightly higher than the
counterclockwise-rotating component, suggesting that the
sum of these two components exhibited clockwise rotation.
The total energy was higher for diurnal than for semidiurnal tidal currents, which is consistent with previous measurements of tidal elevation in the Gulf of Tonkin [Fang
et al., 1999]. At site A, the tidal energies were slightly
higher at a depth of 20 m than at depths of 10 and 30 m.
The current measurements covered the summer season during 1988–1989, suggesting that the vertical proﬁle of tidal
currents could differ due to the seasonal change in water
stratiﬁcation.
[12] The local inertial period in the Gulf of Tonkin is
33.7 h (1.4 days), which corresponds to a frequency of
0.712 cpd. No signiﬁcant peak was found at or near the
inertial frequency in the 1988–1989 currents records (Figure 6), implying that inertial oscillations were insigniﬁcant
in the northern Gulf of Tonkin
[13] Using the T_TIDE harmonic analysis program
[Pawlowicz et al., 2002], we calculated the tidal ellipse
parameters of the four dominant tidal constituents (O1 and
K1 for diurnal tides; M2 and S2 for semidiurnal tides).
Analysis was performed at all measurement depths for each

season. The results (Figure 7 and Table 1) clearly show that
in general diurnal tidal currents were stronger than semidiurnal tidal currents, and both of them were stronger during summer than during winter. For example, at 20 m, the
O1, K1, and M2 tidal ellipse major axes were 10.2, 10.7,
and 7.3 cm s21 in winter, but reached 13.2, 11.9, and 11.2
cm s21 in summer, accounting for a seasonal difference of
3 cm s21 for diurnal tidal currents and 4.6 cm s21 for
semidiurnal tidal currents. This difference is likely due to
seasonal changes in stratiﬁcation, since the water was vertically well mixed during winter but stratiﬁed during
summer.
[14] The seasonal difference in tidal amplitudes can be
viewed more clearly in the frequency band-passed complex
demodulation analysis shown in Figure 8. The bandwidth
was 0.82–1.19 cpd for diurnal tidal constituents and 1.69–
2.25 cpd for semidiurnal tidal constituents. Both diurnal
and semidiurnal tidal currents exhibited a signiﬁcant fortnightly variation due to the spring and neap tidal cycles.
The current difference between neap and spring tides was
roughly 6–10 cm s21. In addition to the fortnightly variation, the tidal current amplitudes at all measurement depths
were signiﬁcantly higher during summer. The maximum
seasonal difference at the spring tide was 3 cm s21, which
accounted for a difference of 30% of the spring tidal current measured during winter.
[15] The tidal intensiﬁcation during summer was consistent with the seasonal change of water stratiﬁcation. During
5
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Figure 7. Tidal current ellipses for O1, K1, M2, and S2 constituents at depths of 10, 20, and 30 m at site
A for the winter and summer periods of 1988–1989.

could account for 30% of the total tidal energy, a considerable amount that could not be ignored. It is well known
that internal tides are energetic in the SCS, especially in the
slope regions and around islands [Yuan et al., 1995; Zhang
and Jiang, 1999; Liang et al., 2005; Chen et al., 2007].
However, there have been few studies aimed at internal
tides in the shallow northern Gulf of Tonkin. The acoustic
Doppler current proﬁler (ADCP) measurements made by
Chen et al. [2007] were at the 70 m isobath near the slope
in the southern Gulf of Tonkin where the water column
remains stratiﬁed throughout the year.

1988–1989, satellite-derived sea surface temperature (from
the NOAA High-resolution Blended Analysis of Daily
SST: http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.
oisst.v2.highres.html) at the measurement site clearly
shows a signiﬁcant seasonal variability ; from 20 C in
January to 28–29 C during June through September (Figure
9: top). Correspondingly, the Global-FVCOM-computed
water temperature and salinity were vertically well mixed
during January through May, while the water was stratiﬁed
during June through September (Figure 9: middle and bottom). The summertime stratiﬁcation was not only driven by
the seasonal change in surface heat ﬂux but also by an
increase of freshwater discharge from local rivers. These
features were consistent with the recent hydrographic
observations shown in Figure 4.
[16] The observed seasonal variability of tidal currents
and water stratiﬁcation indicate that the seasonal difference
in tidal current amplitudes can be attributed to the occurrence and intensiﬁcation of internal tides during summer. It
suggests that the internal tidal currents during summer

3.2. Subtidal Currents
[17] The subtidal currents were deﬁned here as the 33 h
low-pass ﬁltered water velocity. The low-pass PL64 ﬁlter
[Beardsley and Rosenfeld, 1983] was used and the ﬁltered
data resampled at a 6 h interval. The same ﬁlter was also
applied to construct the low-frequency wind velocity. During October 1988 through February 1989, the northeast
monsoon prevailed at site A (Figure 10). Except in
6
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Table 1. Tidal Current Ellipse Parameters at Different Measurement Depths for Winter (W) and Summer (S)a
Major/(cm/s)
Error/(cm/s)
Constituents
O1

Frequency
(h21)

Layer
(m)

0.03873

10
20
30

K1

0.04178

10
20
30

M2

0.08051

10
20
30

S2

0.08333

10
20
30

Minor/(cm/s)
Error/(cm/s)

Inclination/ Error/


Phase/ Error/

W

S

W

S

W

S

W

S

8.7
1.0
10.2
1.1
7.8
0.7
8.5
1.0
10.7
1.1
8.2
0.8
5.9
0.5
7.3
0.7
4.8
0.7
1.3
0.5
2.1
0.6
1.3
0.7

12.0
1.7
13.2
2.7
9.6
2.6
13.4
1.6
11.9
2.5
11.4
3.0
8.5
1.1
11.2
1.4
5.1
1.3
1.8
1.0
1.3
1.3
1.2
1.2

21.3
0.8
21.1
0.4
20.8
0.4
20.7
0.8
21.1
0.5
21.2
0.8
21.8
0.5
20.3
0.4
0.8
0.5
21.1
0.4
20.7
0.4
0.1
0.6

21.6
1.1
20.9
2.6
20.8
2.4
20.8
1.2
0.5
2.5
1.4
2.2
21.8
0.5
21.9
1.6
22.3
1.5
20.5
0.7
20.2
1.1
0.5
1.0

108.3
5.7
97.0
2.8
76.5
6.8
106.6
6.4
97.3
2.4
80.1
6.1
81.9
6.0
81.8
4.2
69.0
8.6
77.2
25.1
80.0
20.0
73.1
31.0

101.3
5.7
71.6
11.6
53.2
13.0
100.2
5.2
77.7
14.7
56.7
13.1
76.3
4.3
63.6
8.8
45.5
26.2
63.1
26.0
38.4
12.0
1.9
20.0

207.4
7.6
205.7
6.7
207.1
7.5
264.3
7.2
259.2
6.3
261.4
5.5
214.2
7.2
200.9
6.0
202.8
10.7
273.0
92.0
246.4
30.0
289.9
34.0

207.5
8.6
220.5
11.5
197.6
16.8
264.6
8.3
278.9
14.5
266.2
18.3
227.5
8.3
213.6
7.8
224.1
21.2
288.5
36.0
11.1
10.2
328.3
94.6

a
The sign of the minor axis of the tidal current ellipses indicates the direction of rotation: negative for clockwise rotating and positive for counterclockwise rotating. Inclination is measured counterclockwise from East. Phase is given with respect to Greenwich. The term ‘‘Error’’ indicates the 95% uncertainty estimate computed by T_Tide.

[18] The 10 m current measurements at site A showed
that the northwestward ﬂow predominated during both winter and summer seasons. This suggests that during these
two seasons, the ﬂow in the northern Gulf of Tonkin featured a cyclonic circulation. We calculated the correlation
between the 33 h low-pass ﬁltered wind and current velocities for each season in 1988–1989. Figure 11 shows the
correlation map of the 10 m northwestward current component with the wind velocity at a 10 m height over the direction range of 2180 to 180 for the winter and summer
seasons. The data showed that the northwestward current
was dominant during the measurement period, so that the
analysis was done by projecting current vectors to the
northwest direction. This analysis was done with consideration of the signiﬁcant conﬁdence level, resulting in a critical value of 0.31 at 99% conﬁdence level and of 0.22 at
95% conﬁdence. During the winter season, the near-surface
water current was clearly correlated with the wind velocity.
The highest correlation coefﬁcient of 0.8 was found in a
direction range of 40 –75 . Since the direction of the northeast monsoon did not change much during winter, the
wind-current correlation showed almost no difference at
different lags. During the summer season, however, the
correlation coefﬁcient between near-surface water current
and wind were about 0.5 or lower. The direction between
the water and wind velocities at the maximum correlation
coefﬁcient decreased as the time lag became longer. This
result suggested that although the correlation coefﬁcient in

December 1988, the northeasterly wind was relatively stable in direction and its speed varied in the range of 5–15 m
s21. Correspondingly, the upper ocean layer was dominated
by the northwestward ﬂow with speeds of 5–14 cm s21.
The water velocity showed a clockwise rotation with water
depth, illustrating the nature of the wind-driven ﬂow near
the surface and Ekman spiral in the vertical (Figure 10).
This ﬂow structure is consistent with the cyclonic circulation proposed based on wind-driven theory in previous
studies [Wyrtki, 1961]. During March to May 1989, the
wind velocity varied with a time scale of 5–7 days and
wind speed was signiﬁcantly weaker than the previous winter. In March, the water velocity at a depth of 10 m was
dominated by a northwestward or westward ﬂow in March,
while during April through May the 10 m current varied
signiﬁcantly and was often opposite to the wind direction
(Figure 10). The water velocity appeared to be more variable with no preferred direction during summer from June
to August 1989. The relatively strong southwest monsoon
prevailed in June, but at a depth of 10 m, the southeastward
ﬂow only existed for a few days and predominately westward or southwestward ﬂow persisted during the rest of the
month. In late July and early August, the near-surface ﬂow
was sometimes in the same direction as the wind. It is clear
that during winter and even late spring, the observed ﬂow
direction at site A was not consistent with the direction of
an anticyclonic circulation as derived by wind-driven
theory [Wyrtki, 1961].
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Figure 8. Time series of amplitudes of diurnal and semidiurnal tidal currents calculated using bandpassed complex demodulation at depths of 10, 20, and 30 m from October 1988 to August 1989.
and October, with a maximum discharge rate greater than
of 2.1 3 104 m3 s21 around mid June. The southwest
monsoon prevailed during the summer seasons of 1988 and
1989, but the wind speed was much stronger in 1988 than
1989. We have used Global-FVCOM to examine the physical mechanisms that drive the summertime circulation in
the northern Gulf of Tonkin, with a focus on the contributions of stratiﬁcation, inﬂows from the Hong River and
Qiongzhou Strait, and wind forcing. This study was
approached by two steps: (1) validating the model through
comparison with the current measurements taken in 1988–
1989, and (2) using the validated model to carry out
process-oriented experiments to quantify the contributions

summer was still higher than the critical level, the wind
would not be a predominant forcing to drive the summertime circulation in the Gulf of Tonkin.

4. Process-Oriented Studies of the Summertime
Circulation
[19] The freshwater discharge from the Hong River and
wind ﬁelds during 1988 and 1989 exhibited signiﬁcant
interannual variability (Figure 12). In 1988, the river runoff
showed two peaks with a discharge rate greater than 1.7
3 104 m3 s21 in July and September, respectively, while in
1989, the river runoff featured three peaks in June, July,
8
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Figure 9. Time series of (top) the satellite-derived sea surface temperature (SST) and (middle) the
Global-FVCOM-calculated temperature and (bottom) salinity at site A from January 1988 to December
1989.

1993]. Global-FVCOM showed computed currents in
Qiongzhou Strait remained westward all months over a
year, which was consistent with previous observations
reported in Shi et al. [2002].
[21] According to the model-computed current ﬁelds, in
October 1988, the entire Gulf of Tonkin exhibited cyclonic
circulation. This gulf-wide cyclonic circulation consisted
of two ﬂow systems : one ﬂowing into the southern Gulf of
Tonkin along the southern and western coasts of Hainan
Island, and another from the westward ﬂow through
Qiongzhou Strait. This circulation pattern remained until
January 1989, but the currents gradually weakened with
time. In February 1989, two relatively weak cyclonic gyres
formed in the northern and southern Gulf of Tonkin,
respectively, and remained there until March 1989. The
northern cyclonic gyre signiﬁcantly intensiﬁed in April,
while the southern cyclonic gyre also became stronger as
the southward ﬂow shifted eastward. During the summer
season, the circulation in the southern Gulf of Tonkin varied signiﬁcantly with time, but the cyclonic gyre remained
in the northern Gulf of Tonkin throughout this season.
[22] Comparing the model-computed near-surface circulation patterns (shown in Figure 13) with the conceptual
circulation patterns predicted by wind-driven theory
(shown in Figure 3), we note that they were similar during
the winter of 1988–1989 but opposite during the summer of
June to August 1989. During spring 1989, the model-

of different forcing to the formation of the summertime circulation in the region. Results of these two efforts are summarized as follows.
4.1. Model-Data Comparisons
[20] We inserted the observed monthly averaged current
vectors at site A into the ﬁelds of the Global-FVCOMcomputed monthly averaged current vectors for the period
October 1988 to August 1989. As an example, the 10 m
comparison is shown in Figure 13. The model-predicted
local currents around site A matched well in both amplitude
and direction the observed currents in the ﬁrst 10 months.
To get better statistical tests, we performed a complex vector correlation analysis [Kundu, 1976; Crosby et al., 1993].
The result showed that the observed and the modelpredicted local currents around site A were well correlated
and reasonably matched in amplitude and direction (see
bottom right plot in Figure 13 and Table 2). The mean
observed and modeled currents were 3.6 cm s21 toward
282 N and 4.5 cm s21 toward 282 N, and the
mean observed and modeled speeds were 4.4 cm s21 and
4.7 cm s21, respectively. The complex vector correlation
coefﬁcient between the two time series was 0.95 with the
model current vector oriented 8.8 clockwise relative to the
observed current vector [Kundu, 1976]. The vector correlation computed between these two time series was 0.95,
well above the 0.6 value for no correlation [Crosby et al.,
9
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Figure 10. A 33 h low-passed ﬁltered wind vectors at 10 m height and subtidal currents at depths of
10, 20, and 30 m for the period October 1988 to August 1989. Dashed line: the boundary deﬁned for the
seasons.
was due to weakening of the southwest monsoon during
that summer. In the northern Gulf of Tonkin, however, the
freshwater discharge from the Hong River was large in
both summers. Considering this ﬂow, we found that the
southwest monsoon during summer could turn this buoyancy ﬂow northward and thus intensify the cyclonic

computed circulation also differed from the conceptual circulation patterns, even though both featured cyclonic circulation in general.
[23] During summer 1989, the southwest monsoon was
very weak. One could argue that the disagreement between
the model-computed and conceptual circulation patterns
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Figure 11. Correlations between observed subtidal currents at 10 m depth and surface wind velocity at
10 m height for the winter and summer seasons of 1988–1989. Analysis was done by projecting subtidal
currents to the northwest direction. The critical value was 0.22 for a 95% conﬁdence level.
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Figure 12. (top) Time series of freshwater discharge from the Hong River over 1988 and 1989, respectively, and (bottom) maps of the monthly averaged 10 m wind velocity for August of 1988 and 1989.

northern Gulf of Tonkin was still characterized by cyclonic
ﬂow.

circulation, preventing anticyclonic circulation in the northern Gulf of Tonkin.
[24] Most of the freshwater entering the northern Gulf of
Tonkin came from the Hong River during June through
August in both years. As a result, in August 1988, in addition to creating a relatively strong northward ﬂow near the
western coastal region, the strong southwest monsoon also
pushed the river discharge-induced low-salinity plume
water offshore and then turned cyclonically in the eastern
region (Figure 14). This wind-induced and buoyancyinduced cyclonic circulation appeared in a thin layer near
the surface. After averaging throughout the water column,
only northward ﬂow along the western coast remained.
This ﬂow encountered and joined the cyclonic ﬂow originating from the Qiongzhou Strait in the northern coast. In
August 1989, since the southwest monsoon was very weak,
the river discharge-induced low-salinity plume at the surface turned anticyclonic and moved southward along the
western coast. The weak southwesterly wind did pushed
the water over the western shelf in the northern Gulf of
Tonkin offshore, but these offshore waters encountered and
joined the cyclonic ﬂow that originated from Qiongzhou
Strait. In this case, the vertically averaged ﬂow ﬁeld in the

4.2. Process-Oriented Experiment Results
[25] Four experiments were made to qualify the roles of
wind forcing, tidal rectiﬁcation, freshwater discharge and
stratiﬁcation in the formation of the cyclonic circulation in
the northern Gulf of Tonkin during the summer season. In
experiment 1 (Ex1), the model was driven by only wind
forcing under homogeneous ocean conditions. In experiment 2 (Ex2), the model was driven by only tidal forcing
under homogenous ocean conditions. In experiment 3
(Ex3), the model was forced by the same forcing as in Ex1
but with water stratiﬁcation. In experiment 4, the model
was forced by wind and tidal forcing under the same stratiﬁcation condition as in Ex3. The 1988 simulation results
(Figure 14) are referred to as the base case with the same
forcing and stratiﬁcation conditions as in Ex4 plus including river discharge. To compare the results of these
process-oriented experiments with the base case, all four
experiments were run at the beginning of 1988.
[26] In Ex1, the southwest monsoon generated a northward ﬂow near the surface in the region north of 19 N,
11
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Figure 13. Maps of Global-FVCOM-computed monthly averaged current vectors at 10 m depth in the
Gulf of Tonkin for the period October 1988 to August 1989. Monthly averaged current vectors observed
at 10 m depth at site A are superposed in these ﬁgures (red vectors). The comparison of the 10 m modelcomputed and observed monthly mean vector currents at site A is shown in the bottom right plot.

turned eastward and entered the Qiongzhou Strait, and
another continuously moved northward, turned westward
and encountered northward coastal ﬂow from the western

which is strong in western and eastern shallow coastal
regions (Figure 15). The northward ﬂow in the eastern
region separated into two branches around 20 N, one
12
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16), similar to in situ measurements and model experiment
results described by Shi et al. [2002]. Shi et al. [2002]
clearly elaborated the tidal rectiﬁcation mechanism that
drives this ﬂow. After entering the northern Gulf of Tonkin,
this tidal-rectiﬁed ﬂow turns northward and ﬂows along the
20 m isobath. This northward ﬂow turns westward along
the 20 isobath in the northern shelf to form a cyclonic ﬂow
in the northern Gulf of Tonkin. This result indicates that
even under homogenous conditions, a cyclonic circulation
could form in the northern Gulf of Tonkin by inﬂow from
tidal-rectiﬁed currents through Qiongzhou Strait.
[28] In Ex3, when stratiﬁcation is added, the model run
with only wind forcing produced circulation patterns similar to those from Ex1. However, the surface currents were
signiﬁcantly intensiﬁed (Figure 17: top leftmap). As a
result, the vertically averaged cyclonic ﬂow, which was
restricted in a small region near the northern coastal region
in homogenous conditions, grew in size and occupied a
large area in the region north of 20.5 N (Figure 17: bottom
left map). In this case, the ﬂow entering the Qiongzhou
Strait weakens, although the northward ﬂow on the western
coast remained little changed. This result suggests that
even with the absence of tidal-rectiﬁed ﬂow from Qiongzhou Strait, the cyclonic circulation in the northern Gulf of
Tonkin could be driven by the southwest monsoon in stratiﬁed conditions.

Table 2. Statistics of the Monthly Mean Observed Current and
Model-Predicted Current at 10 m at Site Aa

u
v
Sp
um
vm
Spm

Mean

Standard

23.6
0.8
4.4
24.3
1.3
4.7

1.1
2.5
0.9
1.1
1.3
0.9

Minimum

Maximum

25.0
23.2
3.5
26.9
21.4
3.8

21.2
4.0
6.3
23.2
3.0
7.0

a
All values in cm s21. The observed variables are east (u), north (v), and
speed (Sp). The model variables are east (um), north (vm), and speed (Spm).

shelf near the northern coast. In the region south of 19 N,
southwesterly wind pushed the water offshore and ﬂow
toward Hainan Island, and a large portion of this water
moved northeastward along the southern coast of Hainan
Island. The resulting vertically averaged currents show a
well-deﬁned anticyclonic circulation in both northern and
southern regions, which is the same pattern as the conceptual summertime circulation shown in Figure 3. This result
demonstrates that if the Gulf of Tonkin is under homogeneous conditions and wind is the only forcing, then the circulation should be dominated by anticyclonic circulation.
[27] In Ex2, a well-deﬁned westward ﬂow, due to tidal
rectiﬁcation, was predicted in Qiongzhou Strait (Figure
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Figure 14. Maps of Global-FVCOM-computed (top) monthly averaged surface and (bottom) vertically
averaged current vectors in the northern Gulf of Tonkin for August 1988 and 1989.
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Figure 15. Maps of Global-FVCOM-computed August (left) monthly averaged surface and (right) vertically averaged) current vectors in the Gulf of Tonkin for the homogenous case with only wind forcing
(Ex1).
[30] Combining results obtained from these four experiments clearly show that the summertime cyclonic circulation in the northern Gulf of Tonkin could form as a result
of either tidal-rectiﬁed inﬂow from Qiongzhou Strait or the
stratiﬁed wind-driven circulation. Since the water is stratiﬁed during the summer season, this summertime cyclonic
circulation is a result of the combination of tidal-rectiﬁed
and stratiﬁed wind-driven circulation.
[31] We also compared the results of Ex4 with the results
obtained in the base model run with inclusion of river discharge. It is clear that the interaction of the southwest monsoon and buoyancy-driven ﬂow from the Hong River
signiﬁcantly intensiﬁed the cyclonic circulation near the
surface in the northern Gulf of Tonkin, but its contribution
to the vertically averaged transport of the cyclonic circulation was not signiﬁcant. Intensiﬁed northward coastal ﬂow
over the western shelf in the case with river discharge contributed more water into the northern region of the cyclonic
circulation but could weaken the eastward ﬂow in the
southern region of the cyclonic circulation.

[29] In Ex4, after adding tidal forcing into Ex3, the surface northward ﬂow around the 20 m isobath in the eastern
shelf of the northern Gulf of Tonkin was clearly intensiﬁed
by the addition of tidal-rectiﬁed ﬂow from Qiongzhou
Strait (Figure 17: top right map). As a result, the vertically
averaged northward ﬂow of the cyclonic circulation in the
northern Gulf of Tonkin intensiﬁed around the 20 m isobath (Figure 17: bottom right map). On the same time, the
wind-induced northward ﬂow on the western shelf moves
offshore around 20 N and turns clockwise to join the
cyclonic circulation in the interior.
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[32] Analysis of moored current measurements made at
site A in the northern Gulf of Tonkin during October 1988
to September 1989 is presented. Rotary spectra were calculated to identify prominent energy signals and frequencies.
Harmonic analysis and the band-passed ﬁltered complex
demodulation method were performed to examine the characteristics and variability of both barotropic and internal
tidal currents. The correlation coefﬁcient between 33 h
low-passed subtidal current and rotated wind was estimated
to quantify the role of wind forcing in the seasonal variability of the circulation in the Gulf of Tonkin. The observed
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Figure 16. Maps of the monthly averaged current vectors
in the northern Gulf of Tonkin for the homogeneous case
with only tidal forcing (Ex 2).
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Figure 17. Maps of Global-FVCOM-computed August (top) monthly averaged surface and (bottom)
vertically averaged current vectors in the northern Gulf of Tonkin for the stratiﬁed cases (left) with only
wind forcing and (right) with wind plus tidal forcing.
Gulf of Tonkin features a cyclonic circulation in both winter and summer seasons. This model-computed ﬂow pattern
was similar to the conceptual wind-driven circulation
pattern in the winter season but opposite in the summer season. Process-oriented experiments showed that a summertime anticyclonic circulation could appear only with wind
forcing without stratiﬁcation. The summertime cyclonic
circulation in the northern Gulf of Tonkin could form as a
result of either tidal-rectiﬁed inﬂow from Qiongzhou Strait
or stratiﬁed wind-driven circulation. Due to the stratiﬁed
nature in the summer season, the summertime cyclonic circulation was a result of the combination of tidal-rectiﬁed
and stratiﬁed wind-driven circulation.
[35] Within the East-Asian monsoon regime, the freshwater
discharge from the Hong River was largest during the summer
season. In general, the river runoff ﬂow, after entering the
western shelf of the Gulf of Tonkin, turned anticyclonic and
ﬂows southward along the coast. Since the bathymetry in the
northern region is relatively ﬂat, the river plume water could
turn cyclonically northward with southwest monsoon forcing
during the summer season. The interaction between the southwest monsoon and buoyancy-driven ﬂow from the Hong
River can signiﬁcantly intensify the cyclonic circulation near
the surface, but made only a small contribution to the vertically averaged ﬂow of the cyclonic circulation.

currents were compared with Global-FVCOM-computed
currents, and process-oriented experiments were made
using the validated Global-FVCOM to study the physical
mechanism that drives the summertime cyclonic circulation
in the northern Gulf of Tonkin.
[33] Rotary spectra show that the northern Gulf of Tonkin was featured by diurnal and semidiurnal tidal currents.
The band-passed complex demodulation results indicated
that magnitudes of tidal currents varied signiﬁcantly with
seasons: more energetic in the stratiﬁed summer than in the
vertically well-mixed winter. The correlation coefﬁcient
between subtidal currents and surface wind was high during
the winter but low during the summer. The wintertime currents showed a clockwise rotation with water depth, illustrating the nature of the wind-driven ﬂow near the surface
and Ekman spiral in the vertical. This ﬂow structure was
consistent with the cyclonic circulation pattern proposed
based on barotropic wind-driven theory in previous studies.
The summertime currents in the northern Gulf of Tonkin,
however, were predominately northwestward or westward,
contrary to the conceptual summertime circulation pattern
based on wind-driven theory.
[34] The Global-FVCOM-computed currents were in
good agreement with the currents recorded in 1988–1989 at
mooring A. The model results indicate that the northern
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