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Abstract  In-situ measurements in Xiangshan Bay, the East China Sea, show that the duration of the rising tide is shorter than that 
of the falling tide around the bay mouth, while it becomes much longer in the inner bay. A finite volume coastal ocean model 
(FVCOM) with an unstructured mesh was applied to simulate the asymmetric tidal field of Xiangshan Bay. The model reproduced 
the observed tidal elevations and currents successfully. Several numerical experiments were conducted to clarify the roles of primary 
mechanisms underlying the asymmetric tidal field. According to the model results, the time-varying channel depth and nonlinear 
advection prefer shorter duration of the rising tide in Xiangshan Bay, while the time-varying bay width favors longer duration of the 
rising tide. The overtides generated by these two opposite types of nonlinear mechanisms are out of phase, resulting in smaller M4 
amplitude than the sumfold of each individual contribution. Although the bottom friction as a nonlinear mechanism contributes little 
to the generation of overtide M4, it is regarded as a mechanism that could cause a shorter duration of the rising tide, for it can slow 
down the M2 phase speed much more than it slows down the M4 phase speed. The time-varying depth, nonlinear advection and bot-
tom friction are dominating factors around the bay mouth, while the time-varying width dominates in the inner bay, causing the tidal 
elevation asymmetry to be inverted along the bay.  
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1 Introduction 
Astronomical tidal waves can be distorted when they 

propagate into coastal shelves, bays and estuaries, due to 
the generation of the overtides and compound tides by 
nonlinear mechanisms (Speer and Aubrey, 1985; Frie-
drichs and Madsen, 1992; Nidzieko, 2010; Song et al., 
2011). This distortion is characterized by tidal elevation 
and current asymmetry, which refers to a difference be-
tween durations of rising and falling tides, as well as a 
difference in durations and magnitudes of flooding and 
ebbing currents (Boon and Byrne, 1981; Friedrichs and 
Aubrey, 1988; de Swart and Zimmerman, 2009). The 
asymmetry of tides plays an important role in the trans-
port and accumulation of suspended matters and sedi-
ments in tidal inlets and basins (Lanzoni and Seminara, 
1998; Wang et al., 2002; Nidzieko, 2012; van Maren and 
Gerritsen, 2012).  

Xiangshan Bay, the biggest aquaculture base in Zheji-
ang province, is located on the east coast of China, with 
an average water depth of 10 m and a total area of about 
560 km2. The bay is narrow and semi-enclosed, and has a  
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horizontal scale of 70 by 10 km (Fig.1). Topography in 
the bay is characterized by two shallower ends and a 
deeper middle portion, with some deep spots scattered 
along the bay. About 1/3 of the total bay area is mudflats, 
most of which are distributed around the head, with only 
a few distributed along the edge of the channel (Dong and 
Su, 1999a). Wind and waves are weak in the bay (Cao    
et al., 1995), while tides are very energetic and highly 
asymmetric (Zhu and Cao, 2010), and dominate the dis-
tribution pattern of suspended matters and sediments 
(Gao et al., 1990). In a semi-diurnal system such as Xiang-    
shan Bay (Dong and Su, 1999a, b), the tidal asymmetry is 
mainly caused by the interaction between the principal 
semidiurnal tide M2 and its first overtide M4 generated by 
the nonlinear tidal process (Speer and Aubrey, 1985). 

The tidal asymmetry has been studied by various re-
searchers. Parker (1991) proposed that four primary phys-   
ical mechanisms are responsible for the generation of 
shallow water tides, which are the time-varying channel 
depth and the time-varying embayment width in the con-
tinuity equation, and the nonlinear advection and bottom 
friction terms in the momentum equations. In shallow 
water systems where bottom friction is conspicuous, the 
trough of tidal waves propagates slower than the crest due 
to the stronger bottom friction during low tide, which 
results in a shorter duration of the rising tide (LeBlond, 
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1978; Friedrichs and Aubrey, 1994; Lanzoni and Semi-
nara, 2008; Wang et al., 2002). However, the existence of 
large intertidal flats may significantly change the asym-   
metric tides, and makes the duration of the rising tide 
longer than that of the falling tide (Shetye and Gouviea, 
1992). Friedrichs and Madsen (1992) proposed that the 
relative importance of the time-varying channel depth and 
the time-varying embayment width determines the asym-   
metry of tidal elevation. The duration of the rising tide is 
shorter when the time-varying depth dominates over the 
time-varying width; otherwise, it is longer.  

Until now, the studies on asymmetric tide in Xiangshan 
Bay have been rare. Dong and Su (1999a, b) published 
the only paper regarding the generation mechanism of 
overtide M4 in the Bay. They reported that the overtide 
M4 grows from 0.02 m at the mouth to 0.36 m at the head 
based on the observations, and they analyzed the different 
effect of nonlinear mechanisms using a depth-averaged 

numerical model.  
In Dong and Su’s study (1999a, b), only the effect of 

nonlinear mechanisms on the amplitude of overtide M4 

was discussed. Thus, it is necessary to understand how 
each nonlinear mechanism affects the tidal elevation 
asymmetry through examining both amplitudes and phases 
of semidiurnal tide M2 and overtide M4. In this study a 
finite-volume coastal ocean model (FVCOM) was em-
ployed to simulate the highly asymmetric tides and to 
investigate how each of the primary nonlinear mecha-    
nisms affects the tidal asymmetry in Xiangshan Bay. The 
paper is organized as follows: Section 2 introduces the 
main characteristics of the asymmetric tides in Xiangshan 
Bay based on the observations. The model configuration 
and validation are presented in Section 3. Section 4 is the 
result analysis by comparing the benchmark and various 
sensitivity experiments. The conclusions are drawn in 
Section 5. 

 

Fig.1 The bathymetry of Xiangshan bay. The areas covered by red and yellow colors are the mudflats. B1-B3 are the 
locations of the tidal level and current mooring sites while only tidal levels are measured at D1 and D2. The dashed line 
at the head represents the cross-section in Fig.8 and the small panel shows the location of the bay in the East China Sea. 

2 Field Observations in Xiangshan Bay  
Several cruises have been carried out to collect tidal 

level and current data in Xiangshan Bay since 2008 (Ta-
ble 1). All the high-frequency sampling data were aver-
aged over a 10-minute interval, and also vertically aver-
aged on current profiles. 

Table 1 Stations and instrumentation 

Station  Depth (m) Duration (mm.dd.yy) Instrument Sampling interval 

D1 8.7 01.23.08 – 02.01.08 RBR TGR2050 TD 10 min 

B1 / B2 / B3 11.4/11.5/12.5 
12.21.10 – 12.23.10 
09.14.11 – 09.15.11 

RDI WH 600 kHz ADCP / 
RBR XR420 CTD 

2 s / 1 s 

D2 3.0 04.10.12 – 04.11.12 RBR TGR2050 TD 1 min 

 
Considering the phase difference between tidal eleva-

tion and current, it can be seen that Xiangshan Bay be-
longs to a standing wave system and the tidal current in 
the inner bay is rectilinear due to the shoreline limitation. 
There are two other apparent and important characteris-
tics of the tide in Xiangshan Bay. One is that the tidal 
elevation changes from a shorter duration of the rising 

tide at the mouth to a longer duration at the head. By tak-
ing stations D2 and B2 to represent the mouth and head of 
the Bay (Fig.1), respectively, it can be seen that the tidal 
range increases from the mouth (about 4.0 m) to the head 
(about 6.5 m) with an increasing degree of tidal asymme-
try (Figs.2a, 2b). The tidal elevation at station D2 shows 
weak asymmetry, with the duration of the falling tide ex-
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ceeding that of the rising tide by about 1 hour. However, 
the asymmetry of tidal elevation is inverted at station B2, 
with a duration of the rising tide 2-hour longer than that 
of the falling tide. The other characteristic is that the peak 
magnitudes of flooding and ebbing currents are almost 
identical though the durations of them are quite different. 
Additionally, a big and a tiny peak exist for the flooding 
current, while only one peak occurs for the ebb current 
(Fig.2c).  

 

Fig.2 Observed tidal elevations at station D2(a), station 
B2(b), and the magnitude (c) and the direction (d) of 
vertically-mean tidal currents at station B2. The gray 
color represents the duration of the falling tide.  

3 Model Configuration and Validation  
3.1 Model Configuration 

FVCOM is a free surface primitive equation model, 
developed by the UMASSD-WHOI development team, 
and has the capability to simulate asymmetrical tidal 
fields in small inlets (Chen et al., 2003; Chen et al., 
2006a, b; Chen et al., 2007; Chen et al., 2009; Huang     
et al., 2008). The model equations are solved on an un-
structured boundary-fitted triangular mesh in horizontal 
and on a generalized terrain-following sigma coordinate 
system in vertical (Pietrzak et al., 2002; Chen et al., 
2003).  

The computational domain of this study is bounded by 
the coastline on the west, and the open boundary on the 
shelf of the East China Sea (Fig.3). The horizontal resolu-
tion at the open boundary is 10 km and gradually in-
creases to 200 m in Xiangshan Bay. The model bathym-

etry inside the bay was digitized from nautical charts 
(China Maritime Safety Administration, 2008), while bathym- 
etry outside Xiangshan Bay was extracted from the SKKU 
bathymetry data (Choi et al., 2002). Eight primary tidal 
constituents (M2 S2 N2 K2 K1 O1 P1 Q1) from OTPS 
(Oregon State University Tidal Prediction Software) were 
specified at the open boundary. The water density field 
was set to be constant and the wind forcing was neglected 
in numerical experiments. These assumptions were taken 
considering the shallowness of, the small runoff into and 
the calm winds over the bay all year round (Dong and Su, 
2000; Zhang et al., 2008).  

 

Fig.3 The unstructured grid of FVCOM. The dashed line 
in the figure delineates the location of Xiangshan Bay.  

FVCOM includes a wetting/drying scheme to simulate 
the flooding and ebbing processes over the intertidal flat, 
which has been applied to verify the role of intertidal flats 
in channel dynamics (Zheng et al., 2003; Huang et al., 
2008). In this study, a depth of 5 cm was chosen as a 
critical value to determine if a cell is wet or dry. 

A two-zone parameterization of the bottom drag coef-
ficient was introduced into this model (Sheng and Wang, 
2004; Nicolle and Karpytchev, 2007). Outside the bay, the 
conventional value of ~2.5×10−3 was used, while inside 
the bay, ~0.3×10−3 was set based on the ADCP data (Xu 
et al., 2012). 

3.2 Model Validation  

Fig.4 shows the simulated co-tidal charts of M2 and M4 
tides in Xiangshan Bay. The amplitude of M2 increases 
from 1.5 m at the mouth to 2.2 m at the head, in accor-
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dance with that reported by Dong and Su (1999a, b). The 
amplitude of M4 grows in a pattern similar to that of M2 
along the bay, starting with 0.02 m at the mouth and in-
creasing to 0.33 m at the head, which is also consistent 
with Dong and Su’s (1999a, b) observations except for a 3 

cm difference at the head. Thus the model performs well 
for the simulation of overtide M4 in Xiangshan Bay. 

Time series of calculated and observed tidal elevation 
and current in Xiangshan Bay are compared (Fig.5). To 
quantify the difference between the model results and 
observations, the relative error (E) and the correlation 
coefficient (r) are computed as follows (Spitz and Klinck, 
1998):  

2
1

2 2
1

( )
100%

(| | ( ) )

n

i
n

i

M O
E

M O O O








  




,         (1) 

1

2 2 1/2
1 1

( )( )

[ ( ) ( ) ]

n

i
n n

i i

M M O O
r

M M O O



 

 


 


 

,         (2) 

where M and O are the calculated results and the ob-
served data and the overbar represents the temporal aver-
age. The relative error (E) gives a measure of the relative 
difference in amplitudes while the correlation coefficient 
(r) measures the phase difference between the simulated 
results and the observed data. 

For the tidal elevation comparison, the relative errors 
range from 2.5% to 4.4%, and the correlation coefficients 
are very close to 1.0. However, the relative errors range 
from 10.8% (Figs.5e) to 36.6% (Fig.5b), and the correla-   

tion coefficients vary from 0.8 to 0.9 for the tidal current 
comparison. It is clear that the model does well in repro-   
ducing the asymmetric tide in Xiangshan Bay (Figs.5a 
and 5g). How nonlinear mechanisms affect the asymme-   
tric tidal field in Xiangshan Bay is investigated using the 
model results in the following section.  

 

Fig.4 Co-tidal charts of M2 (upper panel) and M4 

(lower panel). The colors show the amplitudes (in me-
ters), and the white lines are the co-tidal phase lines (in 
degrees). The white areas between coastlines and the 
colored area are the intertidal zone.  

 

Fig.5 Time series of the observed (dashed line) and calculated results (solid line). The blue color represents 
tidal elevation, while the red represents tidal current. Panels (a) – (g) show the results of the 2008 cruise at sta-
tion D1, the 2010 cruise at stations B1, B2, B3, the 2011 cruise at stations B2, B3, and the 2012 cruise at sta-
tion D2, respectively.  

4 Discussion of Nonlinear Mechanisms 
The benchmark and four sensitivity experiments were 

conducted to examine the contributions of nonlinear mech-   
anisms to the tidal elevation asymmetry in Xiangshan 
Bay (Table 2). The considered mechanisms include those 
associated with bottom friction, morphology, bathymetry, 
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and nonlinear advection. Two parameters are used in the 
discussion, one is the relative phase between M2 and M4, 
2gM2 −gM4; the other one is HM4/HM2, i.e., the amplitude 
ratio of M4 to M2 tides. The sign of the former indicates 
the asymmetry direction, while the latter represents the 
degree of tidal asymmetry. If the relative phase is positive, 
the duration of the rising tide is shorter than that of the 
falling tide, and vice versa (Speer and Aubrey, 1985).  

Table 2 The description of the sensitivity experiments 

Experiment Description 

Benchmark  
experiment The model configuration in Section 3 

EXP 1 
Increase Cd in Xiangshan Bay from 0.3×10−3  
to 2.5×10−3 

EXP 2 No intertidal flat in Xiangshan Bay 
EXP 3 Decrease the main channel depth by 3 m 
EXP 4 No nonlinear advection in Xiangshan Bay 
 
Fig.6 shows the variations of harmonic constants of M2 

and M4 constituents and the two parameters from mouth 
to head in the benchmark experiment. Besides the increas-
ing trend as mentioned in Section 3.2, it can be found that 
the relative phase decreases from 67˚ around the mouth to 
−37˚ in the inner bay, indicating the inversion of tidal 
asymmetry along the bay (Fig.6a). The reversal point is at 
the location 19 km from the bay mouth, which divides the 
bay into two opposite systems. In the outer bay, the tidal 
elevation asymmetry is weak due to the small amplitude  

 

Fig.6 The calculated M2 and M4 harmonic constants 
along the bay in the benchmark experiment. Panel (a) 
presents the M2 phase (solid line), the M4 phase (dashed 
line), and the relative phase (line with circles), while 
panel (b) shows the M2 amplitude (solid line), the M4 
amplitude (dashed line), and the amplitude ratio of M4 to 
M2 (line with crosses). The horizontal dashed lines mark 
the M2 and M4 phases and amplitudes at the bay head.  

of M4 tide (Fig.6b), while the asymmetry becomes 
stronger in the inner bay because the amplitude ratio in-
creases by approximately 15 times along the bay. 

4.1 Role of Bottom Friction 

The bottom friction plays two opposite roles in the tidal 
asymmetry, the dissipation and the generation of high- 

frequency tides. In EXP 1, the bottom drag coefficient in 
Xiangshan Bay increases from 0.3×10−3 of the benchmark 
value to 2.5×10−3. The enhanced bottom damping effect 
reduces phase speeds of both M2 and M4 tides (Fig.7a). 
The M2 phase difference between the mouth and the head 
is about 11˚ larger compared to that in the benchmark 
case. However, there is little phase discrepancy of M4 tide 
between these two experiments. Since the bottom friction 
slows down the propagation of M2 tide much more than it 
does for M4 tide, the relative phase in the bay increases 
significantly, implying a reverse trend of the tidal eleva-
tion asymmetry at the head. The inverse point in EXP 1 
moves 20 km further toward the head due to the increase 
of the relative phase in the inner bay. Therefore the bot-
tom friction plays an important role in generating a 
shorter rising tide in Xiangshan Bay.  

 

Fig.7 to the same as in Fig.6, but for EXP 1. 

The bottom damping effect can not only slow down the 
phase speeds of M2 and M4 tides but also reduce their 
amplitudes (Parker, 1991). In EXP 1, the M2 amplitude at 
the head decreases by only 5%, while the M4 amplitude 
drops by 48%, and hence the amplitude ratio decreases by 
one half from 0.15 to 0.08 (Fig.7b). This suggests that the 
bottom friction damps the M4 amplitude more than it 
damps the M2 amplitude and results in a smaller ampli-
tude ratio. Therefore, the strong bottom friction can de-
crease the degree of the tidal elevation asymmetry, and 
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vice versa. It should be noted that the reduction of the 
tidal amplitude in EXP 1 has little influence on the width 
of intertidal flat (decreasing by only 4%). The average 
lower low tides of the benchmark case and EXP 1 are 
almost the same, both of which occur on the slope of the 
channel rather than on the side of the flat where a small 
water-level variation would correspond to a great change 
in flooded area (Fig.8).  

 

Fig.8 The average lower low spring tides of the experi-
ments (numbers in parenthesis) in the cross-section 
marked by the dashed line in Fig.1. 

In addition to its damping effect, the nonlinear mecha-
nism of bottom friction also causes the interaction be-
tween tides due to the quadratic form of bottom friction 
(τb=Cd|U|U). However, as Parker (1991) pointed out, the 
quadratic bottom friction cannot generate overtide in a 
semidiurnal-tide dominating system if there is no mean 
flux. For this reason, the nonlinear effect of bottom fric-
tion has no contribution to the asymmetric tide.  

4.2 Effect of the Intertidal Storage Volume 

According to previous studies (Speer and Aubrey, 1985; 
Friedrichs and Madsen, 1992), the intertidal storage vol-
ume plays a crucial role in the systems where the duration 
of the rising tide is shorter. In EXP 2, the intertidal flat 
(Fig.1) was removed from the computational domain in 
order to examine its contribution to the asymmetric tide in 
Xiangshan Bay.  

The removal of this intertidal flat enhances the con-
vergence of the bay, leads to a faster M2 phase speed 
(Lanzoni and Seminara, 1998), and decreases the M2 
phase difference by 3˚ (Fig.9a). However, due to the ab-
sence of the intertidal flat, the M4 phase sharply increases 
from 1˚ at the mouth to over 120˚ around the head in the 
benchmark experiment, but remains about 35˚ along the 
bay in EXP 2. Owing to the large M4 phase variation, the 
relative phase in the bay becomes negative. The results of 
EXP 2 indicate that the time-varying width, dominant in 
the inner bay, prefers a longer duration of rising tide.  

Tidal amplitudes are quite different between EXP 2 and 
the benchmark experiment. More energy is transferred 

from M2 to M4 tides in EXP 2 than in the benchmark ex-
periment (Fig.9b). A further comparison shows that the 
absence of the intertidal flat not only inverts the tidal ele-
vation asymmetry in the inner bay, but also promotes the 
energy shift from M2 to M4. It is indicated that M4 over-
tide generated by time-varying width and other nonlinear 
mechanisms may be out of phase.  

 

Fig.9 The same as in Fig.6, but for EXP 2. 

4.3 Nonlinear Effect of Time-Varying Depth  

Time-varying depth is mainly caused by sea surface 
oscillation. EXP 3 was set up to investigate the contribu-
tion of the time-varying depth to the tidal elevation 
asymmetry in Xiangshan Bay, in which the channel depth 
was reduced by 3 m and the bathymetry of the intertidal 
flat remained the same as in the benchmark experiment. 
The reduction of the channel depth can increase the con-
vergence of the bay, and can also enhance the dissipation 
by bottom friction. Owing to these two opposite effects, 
the average lower low tide in EXP 3 remained the same 
as that in the benchmark experiment (Fig.8), which guar-
antees that the effects of the time-varying width between 
the two experiments are almost the same. Compared with 
the benchmark experiment, the M2 phase speed in EXP 3 
slowed down and the phase difference increased by 10˚ 
due to the shoaling in the bay (Fig.10a). The M4 phase 
remained almost the same at the mouth and head, while 
the spatial gradient from the outer to the inner bay be-
came moderate, and the inversion point was pushed 11 km 
toward the head. This distribution pattern of the tides and 
the relative phases were very similar to that in EXP 1, 
suggesting that the time-varying depth plays a similar role 
as bottom friction in affecting tidal asymmetry.  

Nevertheless, the contribution of the bottom friction to 
the tidal elevation asymmetry in Xiangshan Bay is due to 
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its linear damping effect, while the time-varying depth is 
a nonlinear mechanism responsible for the energy transfer 
from M2 to M4 tides. Compared to the benchmark ex-
periment, the EXP 3 results show that the M2 amplitude 
increases at both the mouth and the head, but the M4 am-
plitude increases at the mouth and decreases at the head. 
Thus the relative phase of EXP 3 presents a similar pat-
tern to that of the benchmark experiment (Fig.10b).  

The variations of the amplitude ratio along the bay 
confirm that the time-varying depth is a nonlinear mecha-
nism which prefers longer duration of rising tide. There-
fore, the time-varying depth would promote the genera-
tion of overtide M4 at the mouth but suppress it in the 
inner bay.  

 

Fig.10 To the same as in Fig.6, but for EXP 3. 

4.4 Effect of Nonlinear Advection  

In EXP 4, the horizontal advection terms in the mo-
mentum equations were neglected, and the results were 
compared with the benchmark experiment to assess the 
contribution of nonlinear advection to the tidal elevation 
asymmetry in Xiangshan Bay.  

Fig.11a shows that the absence of nonlinear advection 
corresponds to a 3˚ smaller phase difference of M2 tide 
and a much greater phase difference of M4 tide between 
EXP 4 and the benchmark experiments, and causes the 
negative relative phase all over the bay. The tidal eleva-
tion at the mouth changes from that of a shorter rising tide 
in the benchmark experiment to a longer rising tide in 
EXP 4. It indicates that the nonlinear advection prefers 
shorter rising tide and can counteract the effect of the 
intertidal volume storage like the time-varying depth. 
However, the nonlinear advection regulates the relative 
phase by different means from the time-varying depth. 
The former exerts a greater influence on the M4 tide 
phase while the latter affects the M2 tide phase more.  

Little influence of nonlinear advection has been found 
on the M2 amplitude by comparisons. However, the M4 
amplitude in EXP 4 increases significantly at the head, 
which enhances the degree of the tidal elevation asymme-
try (Fig.11b). Owing to the enhanced intensity of the 
longer-rising-tide system in the inner bay, the influence of 
the intertidal flat transforms the system around the mouth 
from a shorter to longer rising tide. The tidal range be-
comes larger in EXP 4, but the width of the intertidal flat 
increases by only 6% (Fig.8). The contribution of the in-
tertidal volume storage in EXP 4 is similar to that in the 
benchmark experiment.  

 
Fig.11 To the same as in Fig.6, but for EXP 4. 

5 Conclusions 
Observations show that the tide in Xiangshan Bay is 

highly asymmetric, and the tidal elevation asymmetry 
reverses along the bay. In this paper, a finite-volume 
coastal ocean model was employed to study the physical 
mechanisms behind this asymmetry. The contribution of 
each primary nonlinear mechanism to the asymmetry in 
tidal field is discussed by conducting the sensitivity ex-
periments.  

According to the different effects on the relative phase 
between M2 and M4 tides, the nonlinear mechanisms re-
sponsible for the tidal elevation asymmetry in Xiangshan 
Bay are sorted into two categories. The time-varying 
width prefers a longer duration of rising tide, while the 
time-varying depth and nonlinear advection prefers a 
shorter duration. Although the nonlinear effect of bottom 
friction is not associated with the generation of overtide 
M4, its damping effect causes a shorter duration of rising 
tide.  

The inversion of the tidal elevation asymmetry is 
caused by the changes in dominant nonlinear mechanisms 



XU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2014 13: 733-741 

 

740 

along the bay. The time-varying depth and nonlinear ad-
vection dominate in the outer bay and result in a shorter 
duration of rising tide there. However, the asymmetry of 
the tidal elevation reverses along the bay because of the 
large intertidal volume storage at the head. The M4 phase 
adjusts itself rapidly along the bay. Because the overtides 
generated by the nonlinear mechanisms of the two cate-
gories are out of phase, the amplitude of M4 generated by 
all the nonlinear mechanisms is smaller than the sum of 
that generated by each individual. 
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