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Abstract

In the Xiangshan Bay at the east coast of China, coastal marine pollution is conspicuous and severe in recent
years.  As  transport  of  the  pollutants  is  closely  related  to  the  coastal  circulation,  there  is  a  great  practical
significance to investigate the circulation in this area. In this work, the surface pattern and vertical profiles of
Lagrangian residual velocity (LRV) were studied based on field observation data from the inner Xiangshan Bay. By
tracking GPS-GPRS drifters’ trajectories, the surface LRV pattern is going out in the central deep trough and
flowing inwards near the shoreside. Combined with data from two mooring stations, vertical profiles of LRV is
flowing out at surface and flowing in at the bottom, consistent with the gravitational circulation induced by
baroclinic effects at the estuary. However, according to the diagnostic analysis, the main mechanism driving the
residual current is barotropic rather than baroclinic. The LRV equation is controlled by the tidally-averaged
barotropic pressure gradient force,  tidal body force and tidally-averaged turbulent stress,  while the tidally-
averaged baroclinic pressure gradient force is one order of magnitude less than other forces. Additionally, the
tidally mean eddy viscosity coefficient which is used in the expression of tidally-averaged turbulent stress might
be not adequate and requires further studies.
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1  Introduction
The coastal circulation is important to the marine environ-

ment in shallow seas, bays and tidal estuaries (Hill et al., 2008;
Schulz and Umlauf, 2016; Grifoll et al., 2020; Haid et al., 2020).
The Xiangshan Bay is an important aquaculture base and port on
the east coast of China (Fig. 1a), where eutrophication and heavy
metal pollution have increased seriously in recent years (Sun et
al., 2014; Chen et al., 2018; Zhao et al., 2018; Liu et al., 2019). The
Xiangshan Bay displays a strong tide, calm wind and a significant
tide-induced residual current. Therefore, it is important to study
the tidally residual current in the Xiangshan Bay, as it is critical
for reducing eutrophication and improving the marine environ-
ment.

Two tidally averaged methods can be used to get the tide-in-
duced residual current. The first one is by averaging the tidal cur-
rent at a fixed spatial point in a tidal cycle, and thus the Eulerian
residual velocity (ERV) is obtained (Abbott, 1960; Lavelle et al.,
1991; Huijts et al., 2009; Stashchuk et al., 2017). The second one is
by averaging the tidal current of a fixed water parcel in a tidal
cycle (Zimmerman, 1979; Delhez, 1996; Feng et al., 2008; Cheng,
2020), so the residual current is called the Lagrangian residual
velocity (LRV). Most of previous studies on the residual current in

the Xiangshan Bay are based on the concept of ERV derived from
either in-situ observations (Dong and Su, 2000) or numerical
simulation (Zhu, 2009; Wan et al., 2015). Results have shown that
the ERV pattern is gravitational circulation in the inner bay (west
of the Xihu Bay, Fig. 1b), horizontal circulation outside of the bay
(the Fodu Channel and Niubi Channel in Fig. 1b), and a mix of
the two in the transition area (between the Xihu Bay and the bay
mouth). Additionally, several numerical studies on LRV in the Xi-
angshan Bay have been conducted. Liang et al. (2014) presented
the simulated LRV pattern of outflow at the surface and inflow at
bottom in the inner Xiangshan Bay. It is similar to the gravitation-
al circulation in the estuary, but the driving forces were not men-
tioned in that study. In another numerical study of Xu et al.
(2016), the LRV in the outer Xiangshan Bay (from 121.8°E to
the channels) was shown to be distributed into two branches
(Fig. 1b) that may connect the Fodu Channel and Niubi Channel
and thus facilitate water exchange. Han et al. (2014) used both
ERV and LRV to describe circulation and mass transport. Never-
theless, the circulation and mass transport should be unified
rather than split when describing long-term transport in the
coastal ocean. In this respect, LRV is more appropriate because it
has been proved to satisfy the conservation law of material sur-  
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face (Feng, 1987).
With the development of instruments and technologies, it has

been realizable to track drifting buoys for several days and even
months and therefore the circulation (e.g., tide-induced LRV)
and long-term mass transport can be obtained more directly (Ji-
ang and Sun, 2002; Charria et al., 2013; Callies et al., 2017;
Tamtare et al., 2021). In the Xiangshan Bay, a coastal acoustic
tomography system was once applied to map the distribution of
M2 and M4 tidal currents (Chen et al., 2021), which provides us a
new idea and dataset to acquire the tide-induced residual cur-
rent. Besides, more and more studies tend to combine the track-
ing observations with conventional station observation, in order
to fully and conveniently analyze coastal hydrodynamics (Röhrs
et al., 2012; Clarke and Van Gorder, 2018).

It should be noticed that the theoretical studies on LRV have
begun since the 1980s. In a weakly nonlinear tidal system, the
LRV can be represented by its first order approximation, i.e., the
mass transport velocity (MTV), which is the sum of ERV and the
Stokes’ drift velocity (Feng, 1987). This approach has been ap-
plied for many coastal and estuarine bays, like the Bohai Sea (Wei
et al., 2004), the Gulf of California (Rodríguez et al., 2017) and so
on (Tarya et al., 2010; Correia et al., 2020). In recent years, sever-
al trials have been carried out on the LRV, such as the derivation
of the analytical solution of LRV for an idealized model bay (Ji-
ang and Feng, 2011, 2014; Chen et al., 2020), laboratory studies
based on the particle image velocimetry (PIV) technology (Chen
et al., 2017; van Gent et al., 2017), and also to investigations of the
accumulative effects of turbulent mixing on the residual time-
scale (Deng et al., 2017). Besides, the Lagrangian tidally-mean
theory has been gradually developed from the weakly nonlinear
to the generally nonlinear conditions (Ju et al., 2009).

In this work, the LRV structure in the inner Xiangshan Bay is
described first based on in-situ observation data and second on
the major driving forces diagnostically analyzed in the frame-
work of the Lagrangian tidally-mean theory. Data description is
presented in Section 2. Section 3 displays results of surface LRV
using drifters and MTV below surface based on mooring data.
The dynamic analysis of data and general discussion are given in
Section 4 and the last section concludes the whole research.

2  Observation and data processing

2.1  Mooring observations
The hydrographic data presented in this study were mainly

acquired during the spring tide of September 2011 and neap tide
of December 2012, respectively. Both data collection cruises las-
ted over 25 h, including bottom-mounted quadrapods equipped
with an up-looking acoustic Doppler current profiler (ADCP) to
measure current profiles and a conductivity-temperature-depth
(CTD) sensor to record sea surface elevation and pressure, as
well as another CTD to monitor the hourly profiles of temperat-
ure and salinity. The sensor of ADCP was 0.5 m above the sea
bottom, while the height of the bottom-mounted CTD was 0.1 m.
For each cruise, three bottom-mounted quadrapods were de-
ployed at Stas B1 to B3 (Fig. 1b). All stations were located in the
main channel with an average water depth of over 9 m. Unluckily,
data collection failed at Sta. B1 in 2011 and Sta. B3 in 2012, due to
the tilt of a quadropod. As a result, data from only two stations in
each cruise could be analyzed, as summarized in Table 1.

The RDI 600K/1200K ADCPs were set to record the velocities
with a ping rate of 2 Hz. The bin size of the two ADCPs was set to
0.5 m and 0.1 m, respectively and the data were ensemble-aver-
aged over 2 s and 1 s, respectively. The XR420 CTDs were set to
continuously collect bottom temperature, salinity and pressure
data at a frequency of 1 Hz. For the profile measurement, XR620/
420/SBE25 CTDs with sampling frequency of 6 Hz/1 Hz/8 Hz
were launched every hour.

2.2  GPS-GPRS drifters
Design and initial tests of the surface drifters can be found in

Mao et al. (2013). Each drifter consists of a micro controller unit
(MCU), a positioning device based on the Global Positioning Sys-
tem (GPS), a communication device based on the General Pack-
et Radio Service (GPRS), Ni-Cd batteries, a bracket and balance
weight (Fig. 2). Drifters show a good stability and water-follow-
ing capability. The location error is estimated at around 30−40 m.
When released at the sea surface, the drifter saves its position
every 3−5 min and uploads all data to a server through the GPRS
communication at 15-min intervals. After the server responds to
the drifter, the working cycle is over. Uploaded data include time,
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Fig. 1.   Satellite image of the East China Sea (a) and bathymetry of the Xiangshan Bay and mooring stations (b). In a, the red box
shows the port of the Xiangshan Bay in b; in b, red circle shows the Fuxi River mouth, black triangles represent the mooring stations,
and two lines in the Fodu Channel and Niubi Channel represent the result of Lagrangian residual velocity streamlines in Xu et al.
(2016).
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location, and remaining battery power, etc. Data can be dis-
played on the receiving terminal overlaid with a base map (fig-
ures not shown). According to the anemometer observation in
December 2012, the wind speed was in the range of 0.5 m/s to
2.0 m/s. Considering the windless condition in the Xiangshan
Bay, the drifters could be quite properly released in the area.

GPS-GPRS drifters were released from the mooring stations
during the cruises of September 2011 and December 2012, re-
spectively (Table 2). More than half of the released drifters can
function longer than 13 h. Quality control of the time-series of the
drifter locations is indispensable and is based on three steps.
Firstly, drifters that were caught in the aquaculture facilities or
floated to shore would be removed. Secondly, the total record
length of one drifter should be longer than a M2 tidal cycle (12.4 h).
Thirdly, two adjacent recordings should be continuous with their
time interval being shorter than 15 min. Fourthly, considering

that the drifters may be taken out by fishing boats, a drifter’s dis-
placement between two adjacent recordings should be less than
the product of the maximum tidal current and the time interval.
If all these three conditions are met, an effective trajectory dur-
ing one M2 tidal cycle could be obtained. In practice, for a drifter
with a 15-h length record, e.g., from 01:00 to 16:00, three effective
trajectories can be obtained, starting at 01:00, 02:00 and 03:00, re-
spectively. This can describe the LRV at three locations with dif-
ferent initial tidal phases. Figure 3 shows the trajectories of the
drifter with maximum and minimum LRV. The maximum LRV
(0.266 m/s) was found on April 11, 2012 and the minimum LRV
(0.002 m/s) on December 19, 2012.

3  Results

3.1   Surface LRV pattern
Based on the effective trajectories, the field of one-M2-cycle

mean LRV for both cruises are shown in Fig. 4. As the tidal cur-
rent is reversing in the bay, the trajectories are nearly linear along
WSW-ENE. The surface LRV is mainly oriented eastward in the
central trough and oriented to the head of the bay near the shore,
which agrees well to previous research (Jiang and Feng, 2014;
Chen et al., 2017; Deng et al., 2017).

During the spring and neap tide, the LRV shows a maximum
magnitude of 0.206 m/s and 0.230 m/s, and a mean value of
0.070 m/s and 0.089 m/s, respectively. Although it is one order of
magnitude smaller than tidal current, the surface LRV is still sig-

Table 1.   Informations and instrumentations at the three observation stations

Station ID Location Depth/m
Instrumentation

Sept. 14th 12:00−15th 13:00, 2011 Dec. 19th 11:00−20th 12:00, 2012
B1 29.492°N, 121.513°E 9.0 × RDI 1200K ADCP

RBR XR420 CTD

RBR XR420 CTD
B2 29.502°N, 121.558°E 11.6 RDI 600K ADCP RDI 600K ADCP

RBR XR420 CTD RBR XR420 CTD

RBR XR620 CTD SBE25 CTD
B3 29.511°N, 121.651°E 12.6 RDI 600K ADCP ×

RBR XR420 CTD

RBR XR620 CTD
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Fig. 2.   The sample (a) and section sketch (b) of the GPS-GPRS
drifter  bottle.  Numbers  1−6  in  the  b  denote  micro  controller
(MCU), positioning device GPS, communication device GPRS,
Ni-Cd batteries, balance weight and bracket, respectively.

Table 2.     Parameters of two sets of  GPS-GPRS drifter deploy-
ments

Duration
Numbers of

effective/total drifters
Number of effective

trajectories
Sept. 14−15th, 2011 14/28 202
Dec. 19−20th, 2012 17/24 223
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Fig. 3.   Drifting trajectories of the drifters with maximum and minimum LRV. b is zooming in the black box of a. Green squares show
the released positions and orange circles correspond to the ending points.
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nificant enough in the elongated coastal bay. As for the horizont-
al distribution, most of stronger LRV occurs in the central trough,
while the weaker region near the shore is not so clear. Consider-
ing the drifter observation near the shore is limited by the in-
tense aquaculture and fishing facilities, the value of LRV there is
meaningless. The maximum and mean LRV are consistent with
the order of magnitude observed in the Iroise Sea, France (Muller
et al., 2010) and the Bay of Biscay (Charria et al., 2013).

3.2  Vertical profile of LRV in lower layers

uL

The LRV below surface cannot be directly obtained from the
observation data due to the lack of drifters in the lower layers.
However, the profile of MTV can be calculated based on the
mooring data and it can approximately take place of LRV in a
weakly nonlinear system. For the three stations, the ratio of tidal
range to water depth was estimated as 0.201, 0.190 and 0.175, re-
spectively, suggesting a weakly advective nonlinearity. As a res-
ult, the vertical profile of LRV can be representative by the MTV ( ).

uL = uE + uS, (1)

uE = ⟨u (x, t)⟩ uSwhere , and  is the Stokes drift velocity which
can be calculated as follows:

uS = (uS, vS,wS) =

⟨∫ t

t

u (x, t′)dt′ · ∇u (x, t)
⟩
, (2)

where angle brackets correspond to tidally averaging at a fixed
spatial point.

⟨A⟩ = 
nT

∫ t+nT

t

A (x, t) dt,

x = x (x, y, z)where , t0 is the initial tidal phase, T is the tidal
period and nT means n tidal cycles. In this study, n=1.

It is noticeable that the calculation of MTV requires the spa-
tial gradient of the tidal currents at two stations at least, thus only
the MTV profile at Sta. B2 during the spring and neap tides can
be obtained, for it is the one station observed in both cruises.

(
∂

∂y

)
After rotation of the east and north components of ADCP data

to lengthways and crossways of the Xiangshan Bay, the cross-
ways component is found to be too weak, as well as the vertical
component. Therefore, only lengthways component is analyzed

in the following section. The crossways variation  of any

variables in Eq. (2) is also ignored. Equation (1) is finally simpli-
fied as follows:

uL = ⟨u (x, t)⟩+
⟨∫ t

t

u (x, t′)dt′ ·
∂u (x, t)

∂x

⟩
. (3)

As the valid data of the ADCP is far away from both the sur-
face and bottom, the LRV profile in the middle layer is shown in
Fig. 5. For the spring-tide condition, lengthways component of
the MTV is oriented to the head of the bay at 2−7 m height above
the seabed. It is reduced from 0.02 m/s to nearly 0 at a greater
height and tends to reversion. It is inferred to be joint well with
the surface LRV which is oriented to the bay mouth. For the
neap-tide condition, lengthways component is oriented to the
bay mouth at 4.0−7.5 m height above the seabed. It decreases
from 0.035 m/s at 7.5 m to 0.005 m/s at 4.0 m showing a similar
decreasing tendency and also a possible reverse to the head near
the seabed. For both cruises, the vertical profiles of LRV at the
trough in the inner Xiangshan Bay display the same feature of
outflow at the surface and inflow in the deep layer, agreeing well
with previous studies such as Cao et al. (1995), Dong and Su
(2000) and Zhu (2009). The main difference between the two tid-
al conditions is that the reversion depth of LRV is shallower for
the spring tide than that for the neap tide. It can well explain the
phenomenon mentioned in Gao et al. (1990) that the inward net
sediment transport during the spring tide is much more than that
during the neap tide.

4  Discussion on LRV dynamics
Generally speaking, the vertical pattern of outflow at surface

and inflow at bottom is characteristic of gravitational circulation
in the coastal estuaries, which is induced by horizontal gradient
of the density (Hansen and Rattray, 1965). Although there are
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Fig. 4.   Trajectories of the drifters (a and c) and the LRV field (b and d) for the two cruises. In a and c, squares represent the released
points and stars represent the ending points. In b and d, green arrows mean flowing outwards and red ones mean inflow.
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more than 50 outlets in the Xiangshan Bay, the riverine runoff is
quite weak. The largest flow is estimated at only 130×106 m3/a oc-
curred at the Fuxi River (Fig. 1b) and its flow velocity is about 7−
8 cm/s (Fei and Liu, 2018). It hardly induces a significant density
gradient and drives baroclinic flow. Therefore, the dynamics of
the residual current in the Xiangshan Bay will be analyzed from
another aspect based on Lagrangian tidally mean theory in
weakly nonlinear tidal system.

4.1  Governing equations of the MTV
The 3-D governing equations of MTV in the weakly nonlinear

condition are first proposed by Feng (1987). Cui et al. (2019) nu-
merically solved the 3-D equations for an idealized bay for the
first time. Considering the bathymetry and tidal current features,
the equations in Cui et al. (2019) can be simplified from three as-
pects in the Xiangshan Bay. First, the crossways and vertical
equations of MTV can be neglected, due to the dominant revers-
ing tidal current. In other words, the motion is two dimensional
on a xOz plane. Second, the Coriolis effect can be neglected be-
cause the characteristic Rossby number is much larger than o(1).
Third, as the wind is nearly calm during the two cruises, the ef-
fect of wind force can be neglected, too. As a result, the equa-
tions used for the diagnostic analysis are as follows:

 = −g
∂ ⟨ζ⟩
∂x

− g
⟨ρ⟩

∂

∂x

∫ 

z
⟨ρ− ρ⟩ dz′ +

∂

∂z

(
AL

∂uL

∂z

)
+ π, (4)

where

π = − ∂

∂z

(
⟨Az⟩

∂us

∂z

)
−
⟨
u
∂u

∂x

⟩
. (5)

Boundary conditions are as follows:z = ,
∂uL

∂z
= 

z = −h b, uL = 
,

ζ

ρ ρ
π

where z=0 is the sea surface, and upward is positive, z=−hb is the
sea bed; g and  represents the gravitational acceleration and wa-
ter elevation, respectively;  is the density,  is the reference
density; and AL is vertical eddy viscosity of the residual current. 
expressed in Eq. (5) is the tidal body force, named by Feng (1987).
The first three terms in the right-hand side of Eq. (4) represent
the tidally-averaged barotropic pressure gradient force (BTPGF),
baroclinic pressure gradient force (BCPGF) and turbulent stress,
respectively. Limited by the data quality, the diagnostic analysis
is carried out based only on data of the spring tide, from 12:00 on
Sept. 14th to 01:00 on Sept. 15th, 2011.

4.2  Diagnostic analysis

4.2.1  Tidally-averaged pressure gradient forces
Based on the hourly CTD profile data, the vertical profiles of

density at Stas B2 and B3 can be obtained (Fig. 6a). Density was
mixed well vertically most of the time except for the ebbing tide
when the density difference between surface and bottom was no
more than 0.06 kg/m3. Therefore, the Xiangshan Bay is believed
to be a well-mixed coastal bay. After tidally averaged, the hori-
zontal difference of the density changes a little (about 0.14 kg/m3

at Stas B2 and B3) with depth (Fig. 6b), thus BCPGF in Eq. (4) can
be rewritten as follows:

− g
⟨ρ̄B2⟩

⟨ρ̄B3⟩ − ⟨ρ̄B2⟩
△x (−z) ,

⟨ρ̄B2⟩ ⟨ρ̄B3⟩where  and  correspond to the tidally-averaged vertic-
ally-mean density of Stas B2 and B3 and the former one is related
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Fig. 5.   Vertical profiles of MTV at Sta. B2, with solid line for the
spring-tide condition and dashed line for the neap-tide condi-
tion. Positive value means outflow and negative indicates inflow,
respectively.
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Fig. 6.   Hourly (a) and tidally-averaged (b) vertical profiles of density at Stas B2 (blue) and B3 (red).
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to the reference density.
Figure 7 shows the tidally-averaged BCPGF varies linearly in

the range of −1.19×10−6 m/s2 to −2.75×10−6 m/s2 vertically, one
order of magnitude smaller than the BCPGF which can induce
gravitational circulation in the tidal estuary (Geyer et al., 2000;
Stacey et al., 2010; Basdurak and Valle-Levinson, 2012). This is
mainly because of the weak horizontal gradient of density at Sta.
B2, which is 2.53×10−5 kg/m3, also one order of magnitude smal-
ler than that of a general tidal estuary (Sharples et al., 1994; Win-
ant and de Velasco, 2003; Simpson et al., 2005).

To obtain the BTPGF at Sta. B2, the calculation is referred to
Geyer et al. (2000). Bottom pressure data with 10 min interval
from CTD at two stations are indispensable. First, pressure at Sta.
B3 (with depth of 12.6 m) should remove the hydrostatic contri-
bution between 11.6 m and 12.6 m, for its depth is 1 m greater
than Sta. B2. Subsequently time-series of primary bottom pres-
sure gradient force (PGF) at Sta. B2 can be calculated. Consider-
ing the local geopotential surface at two stations are unknown,
the primary bottom PGF needs further rectification by use of the
vertically integrated momentum equation. If neglecting the sur-
face wind stress, the equation can be rewritten as follows:

τbottom = −
∫ ζ

−hb

(
ρ
∂u

∂t
+ ρu

∂u

∂x
+

∂p

∂x

)
dz, (6)

τbottomwhere  corresponds to the bottom stress. Supposing the
bottom stress is zero when the bottom water is motionless, the
PGF at that moment (motionless one) can be obtained, as well as
the offset between the motionless and primary PGFs. Assuming
the offset is invariant with time, the rectified bottom PGF at any
moment can be further obtained. Finally, by subtracting the bot-
tom BCPGF from the rectified PGF, the BTPGF can be obtained
and is independent of depth. Calculation showed the tidally-av-
eraged BTPGF is −1.64×10−5 m/s2, one order of magnitude larger
than BCPGF. Therefore, the gravitation circulation induced by
the BCPGF cannot be considered as the dominant dynamics in
the Xiangshan Bay.

4.2.2  Dynamic mechanisms of MTV
Based on Eqs (2) and (5), the tidal body force can be obtained

(Fig. 8). It changes in the range of −0.48×10−5 m2/s to −2.02×10−5 m2/s.
The vertical feature is stronger than the PGFs in Eq. (4). To keep

the balance of MTV governing equation, the tidally-averaged tur-
bulent stress is inferred by the results of the other terms of
Eq. (4). Figure 8 shows clearly that the three dynamic factors, tid-
ally-averaged BTPGF, tidally-averaged turbulent stress and tidal
body force are comparable in the inner Xiangshan Bay. By con-
trast, the tidally-averaged BCPGF can be neglectable, for it is one
order smaller. It can be further concluded that the residual circu-
lation in the central trough of the inner Xiangshan Bay is con-
trolled by a quasi-barotropic tide-induced residual current rather
by the baroclinic gravitational circulation.

4.3  Theoretical result of tidally-averaged turbulent stress
AL

AL

⟨Az⟩

⟨Az⟩ Az

As in the third term of Eq. (4) is unknown, the tidally-aver-
aged turbulent stress can only be inferred from the other terms.
In reality,  is usually expressed as the tidally-averaged vertical
eddy viscosity  (Cui et al., 2019; Chen et al., 2020). In this sec-
tion, we will try to calculate the tidally-averaged turbulent stress
by expression of . Two methods can be used to obtain 
from the observation data: the “variance method” (Lu and Lueck,
1999; Stacey et al., 1999) and the dynamic balance method. Ac-
cording to the “variance method”, Reynolds stress can be firstly
calculated from ADCP along-beam velocities and Az can be sub-
sequently obtained. Unfortunately, the along-beam velocities at
Sta. B2 for the cruise of Sept., 2011 were invalid due to the bad
ADCP attitude and overlarge pitch and roll angles. As a result,
only dynamic balance method can be used to calculate the ver-
tical eddy viscosity. If neglecting the surface wind stress, Az (z, t)
can be expressed as Eq. (7):

Az(z, t) = −

∫ ζ

z

[
∂u

∂t
+ u

∂u

∂x
+ g

∂ζ

∂x
+

g
ρ

∂ρ

∂x
(ζ − z′)

]
dz′

∂u

∂z

. (7)

⟨Az⟩
Result reveals an obvious flood-dominant asymmetry, thus

the tidally-averaged vertical curve of  is similar to the maxim-
um during the flood tide (Fig. 9). It varies in the range of 0.2×10−2

m2/s to 1.2×10−2 m2/s, in agreement with that in Xu et al. (2017).
Connected with the vertical shear of MTV, the tidally-averaged
turbulent stress in the Eq. (4) can be obtained. It varies from
−2.39×10−5 to 2.19×10−5 m/s2, the same order of magnitude as BT-
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Fig. 7.   Vertical profile of tidally-averaged BCPGF at Sta. B2 for
the spring-tide condition.
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Fig. 8.   Vertical profiles of four terms in the MTV governing equa-
tion at Sta. B2 for the spring-tide condition.
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PGF. In the vertical, it firstly increases and then decreases with
increasing height, reversing at 5 m height above the seabed and
keeping increasing after that (Fig. 10).

⟨Az⟩
By comparing two curves of tidally-averaged turbulent stress

in Figs 8 and 10, it should be noted that replacing AL by  in
Eq. (4) might be improper, for the result cannot guarantee the
balance of equation. It is also probably related to the numerical
errors brought by interpolation and integration. In any case, how
to express the effect of turbulent on the residual current is an
open-ended question and needs further work.

5  Conclusions
Based on the observation data during spring and neap tide

cruises in the inner Xiangshan Bay, China, the LRV and its dy-
namic mechanism were analyzed. Results of the GPS-GPRS sur-
face drifters show that surface LRV flows outwards in the deep
trough and flows inward near the shoreside. The mean value of
LRV in spring and neap tide is 0.070 m/s and 0.089 m/s, respect-
ively. As for the LRV below surface, the mooring data were used
to deduce the vertical profile. It outflows at the surface and in-

flows in the deep layer, agreeing well with the gravitational circu-
lation in a typical estuary. However, these dynamics are not
based on a baroclinic effect at all. All terms in the MTV govern-
ing equation are diagnostically calculated from the mooring data.
The main forces driving the LRV in the inner bay are the tidally-
averaged BTPGF, tidally-averaged turbulent stress and tidal body
force, showing that the major dynamic is barotropic. Addition-
ally, it is found that when the tidally-averaged turbulent stress is
calculated according to its definition, the value is quite different
from the one deducted from the MTV equation. Besides the cal-
culation error, its expression may also need to be improved.
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