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Abstract: Analysis of sea-level observations demonstrates that Typhoons Mawar (2017) and Mangkhut
(2018) induced seiches in both Dapeng Bay and Daya Bay near Shenzhen of China, with periods
varying from about 3.5 to 4.0 h. Typhoon Mawar (2017) also generated seiches with a period of about
1.2 h. Seiches with such periods in the two bays have not been reported in the past. In this study,
we investigate the main processes affecting seiches over these coastal waters using a nested-grid
ocean circulation modeling system. The modelled results of typhoon-induced seiches agree well
with observations, which indicates that the seiches after the passage of typhoons are dynamically
free waves generated by the storm-induced accumulation of water bodies in the two bays. Model
sensitivity experiments show that wind directions have an important influence on the type and
characteristics of seiches. When the wind stress causes the water body to accumulate in a cross-bay
direction, seiches in a closed water body are generated. When the wind stress causes the water body
to accumulate in an along-bay direction, seiches in a semi-closed water body are produced. Because
of the irregularity of the bathymetry and coastline and variability of wind directions, these two types
of seiches can exist simultaneously in the two bays.

Keywords: seiches; typhoon; Shenzhen; ocean model; topography; coastal waters

1. Introduction

Seiches are oscillations in a closed or semi-closed water body, such as lakes or coastal
bays [1]. Their periods are the local natural resonance periods for the water body, depending
on the geometry of the shoreline and the bathymetry [2]. The amplitude of seiches can reach
about 45 cm in the coastal waters off Shenzhen, China [3]. For effective protection of human
and economic activities over coastal areas with small tidal ranges, such as Dapeng Bay near
Shenzhen (an important economic and shipping center in China [4]), close attention should
be paid to the influence of seiches over these areas.

In a lake or a coastal embayment, when winds (or other external forces, such as
atmospheric pressure perturbances) contain the oscillation of the natural frequencies of
the water body, even if the wind forcing is very weak, significant “free” oscillations of sea
levels can be generated [5]. In addition, when the movement of the wind forcing meets
the resonant characteristics of the water body, the response of the water body will be
amplified. Seiches are difficult to replicate over coastal regions because there is no physical
boundary on the shelf side of a bay to block the outflow and reflect the undulation of the
water surface [6]. Seiches can be triggered, however, by winds (or atmospheric pressure
perturbations) relatively easily in bays with particular bathymetry and coastal orography,
such as the Adriatic Sea [7]. The amplitudes of seiches were found to exceed 1.0 m over
some coastal waters, such as 0.5 to 1.0 m at Ciutadella in the western Mediterranean with
the maximum amplitude of about 1.5 m [8], and about 1.8 m at the Neuse River Estuary in
the United States [9].
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Chuang and Boicourt [6] studied seiches in Chesapeake Bay of the United States. They
found that seiches in the bay with periods from 2 to 3 days are induced by the north-
southerly winds, and seiches induced by the east-westerly winds have a period of 1.6 days.
Since ocean currents driven by the east-westerly winds occurred only at the mouth of the
Bay, Chuang and Boicourt [6] suggested that it is the wind forcing in the bay mouth that
triggers the seiches of the entire bay. Gomis et al. [8] examined seiches around the Balearic
Islands and found that the oscillation of the sea level is significantly related to the change
of atmospheric pressures. Their study demonstrated that the seiches are not generated by
the atmospheric disturbances directly but by sea-level fluctuations caused by wind forcing,
and these sea-level fluctuations are in an inverse phase with atmospheric disturbances.
Lemon [10] investigated the correlation between the amplitude of seiches and edge waves
in Port San Juan and found that the seiches in the port are intermittent and short-lived, not
significantly correlated with astronomical tides and storm surges. Lemon [10] suggested
that the seiches in Port San Juan are most likely generated by long periodic fluctuations in
the open sea.

For the coastal waters of China, Fan and Xu [11] found that seiches in a coastal bay,
known as Laohutan of Dalian City, are not directly related to atmospheric forcing, ocean
waves and other factors, but to the displacement of the geological plate over the coastal
sea near Laohutan. Cao et al. [12] analyzed seiches with amplitudes greater than 50 cm in
the Bohai Sea and the Yellow Sea and found that most of the seiches with large amplitudes
are related to thunderstorms. Li [4] analyzed seiches in Dapeng Bay off Shenzhen City
of Guangdong Province and reported that seiches in the bay have amplitudes of about
10 cm, and sometimes reaches about 50 cm, and have periods between 20 and 50 min with
a dominant period of 40 min. Wu et al. [3] compared seiches in Daya Bay off Shenzhen and
Haizhou Bay off Lianyungang City of Jiangsu Province and argued that the amplitudes
and periods of seiches in these two bays are significantly different. They suggested that the
main reason for these differences may be due to different sizes, shapes and depths of the
two bays, but they did not examine the influence of these factors on seiches in detail in the
two bays.

Generations and characteristics of seiches differ significantly over different coastal
waters. Most previous studies on seiches over coastal waters off Shenzhen focused mainly
on periods and amplitudes of seiches without systematic investigations of the generation
mechanisms and influencing factors of seiches. Based on sea-level observations in Daya
Bay and Dapeng Bay, in this study, we analyze seiches after the passage of typhoons and
investigate the generation and characteristics of seiches using a nested-grid modeling
system based on the Regional Ocean Modeling System (ROMS) [13]. We also examine
model results in idealized experiments using a wind pulse to determine different kinds of
seiches, i.e., those with characteristics of both “closed water body” and “semi-closed water
body”, coexist over the coastal waters off Shenzhen due to changes in wind directions.

The structure of this paper is as follows. Section 2 provides observations of seiches
after Typhoons Mangkhut and Mawar and calculations of seiches in ideal basins. Section 3
describes the setup and validation of the modeling system. The mechanism of seiches in
Dapeng and Daya Bays is investigated in Section 4, and a summary is given in Section 5.

2. Observations and Theoretical Calculations of Seiches
2.1. Observations of Seiches

The main study area of this paper is Dapeng Bay, Daya Bay and adjacent coastal waters
off Shenzhen. Dapeng Bay is located at the junction of Shenzhen and Hong Kong and is a
semi-enclosed bay with many islands to the west. Daya Bay is also a semi-enclosed bay
with several smaller bays inside (see Figure 1).
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Figure 1. (a) Coastline of (a) Guangdong Province of China, (b) Dapeng Bay and (c) Daya Bay off 
Shenzhen City and positions of Nanao and Dongshan stations. The A–A direction is the along-bay 
direction, and the B–B direction is the cross-bay direction. 

Typhoon Mawar made landfall in eastern Shenzhen at 13:30 UTC on 3 September in 
2017 with a maximum wind speed of about 56 m/s. Typhoon Mangkhut made landfall in 
western Shenzhen at 09: 00 UTC on 16 September in 2018 with an estimated maximum 
sustained wind speed of about 69 m/s.  

The power spectrum analysis was carried out using the observed 10-min sea levels 
made at the two stations during a two-day period right after the passage of the typhoon. 
The tidal components were removed before the spectral analysis. The analysis results at 
these two stations are shown in Figures 2 and 3. 

 
Figure 2. Power spectra of observed 10-min sea levels with tidal components removed at (a) Nanao 
and (b) Dongshan stations after the passage of Typhoon Mangkhut in September 2018. 

Figure 1. (a) Coastline of Guangdong Province of China, (b) Dapeng Bay and (c) Daya Bay off
Shenzhen City and positions of Nanao and Dongshan stations. The A–A direction is the along-bay
direction, and the B–B direction is the cross-bay direction.

Sea level measurements at stations Nanao in Dapeng Bay and Dongshan in Daya
Bay off Shenzhen during and after the passages of Typhoons Mangkhut and Mawar
are used in this study to determine the observed characteristics of seiches over coastal
bays off Shenzhen. Station Nanao is located in the eastern Dapeng Bay (Figure 1b), and
station Dongshan is located in the southwestern Daya Bay (Figure 1c) off Shenzhen. The
observational sea level data were obtained from the Shenzhen Marine Monitoring and
Forecasting Center.

Typhoon Mawar made landfall in eastern Shenzhen at 13:30 UTC on 3 September in
2017 with a maximum wind speed of about 56 m/s. Typhoon Mangkhut made landfall in
western Shenzhen at 09: 00 UTC on 16 September in 2018 with an estimated maximum
sustained wind speed of about 69 m/s.

The power spectrum analysis was carried out using the observed 10-min sea levels
made at the two stations during a two-day period right after the passage of the typhoon.
The tidal components were removed before the spectral analysis. The analysis results at
these two stations are shown in Figures 2 and 3.

J. Mar. Sci. Eng. 2022, 9, x FOR PEER REVIEW 3 of 14 
 

 

Sea level measurements at stations Nanao in Dapeng Bay and Dongshan in Daya Bay 
off Shenzhen during and after the passages of Typhoons Mangkhut and Mawar are used 
in this study to determine the observed characteristics of seiches over coastal bays off 
Shenzhen. Station Nanao is located in the eastern Dapeng Bay (Figure 1b), and station 
Dongshan is located in the southwestern Daya Bay (Figure 1c) off Shenzhen. The obser-
vational sea level data were obtained from the Shenzhen Marine Monitoring and Fore-
casting Center.  

 
Figure 1. (a) Coastline of (a) Guangdong Province of China, (b) Dapeng Bay and (c) Daya Bay off 
Shenzhen City and positions of Nanao and Dongshan stations. The A–A direction is the along-bay 
direction, and the B–B direction is the cross-bay direction. 

Typhoon Mawar made landfall in eastern Shenzhen at 13:30 UTC on 3 September in 
2017 with a maximum wind speed of about 56 m/s. Typhoon Mangkhut made landfall in 
western Shenzhen at 09: 00 UTC on 16 September in 2018 with an estimated maximum 
sustained wind speed of about 69 m/s.  

The power spectrum analysis was carried out using the observed 10-min sea levels 
made at the two stations during a two-day period right after the passage of the typhoon. 
The tidal components were removed before the spectral analysis. The analysis results at 
these two stations are shown in Figures 2 and 3. 

 
Figure 2. Power spectra of observed 10-min sea levels with tidal components removed at (a) Nanao 
and (b) Dongshan stations after the passage of Typhoon Mangkhut in September 2018. 

Figure 2. Power spectra of observed 10-min sea levels with tidal components removed at (a) Nanao
and (b) Dongshan stations after the passage of Typhoon Mangkhut in September 2018.



J. Mar. Sci. Eng. 2022, 10, 327 4 of 14J. Mar. Sci. Eng. 2022, 9, x FOR PEER REVIEW 4 of 14 
 

 

 
Figure 3. Power spectra of observed 10-min sea levels with tidal components removed at (a) Nanao 
and (b) Dongshan stations after the passage of Typhoon Mawar in September 2017. 

Figure 2 demonstrates that, after Typhoon Mangkhut, the observed 10-min sea levels 
at the two stations had significant free oscillations (seiches). The period for the highest 
peak in the power spectrum is about 3.8 h at Nanao in Dapeng Bay (Figure 2a) and about 
4.0 h at Dongshan in Daya Bay (Figure 2b), with an oscillation amplitude of about 20 cm 
at Nanao and 27 cm at Dongshan. After Typhoon Mawar, the period for the highest peak 
in the power spectrum is about 3.5 h at Nanao (Figure 3a) and 4.0 h at Dongshan (Figure 
3b), with an amplitude of about 19 cm at Nanao and 30 cm at Dongshan. Furthermore, 
there were seiches with a period of about 1.2 h and an amplitude of 20 cm at Dongshan in 
Daya Bay (Figure 3b). As to be discussed later, a typhoon of the same intensity but with a 
different landfall position can lead to different wind forcing and different patterns of sea 
level setup in a bay and, therefore, generate different types of seiches. 

Previous studies based on sea-level observations from May to October 1985 in 
Dapeng Bay demonstrated that periods of primary seiches in the bay varied from 0.3 to 
1.0 h, with a dominant period of about 0.7 h [4]. The period of primary seiches in Daya 
Bay caused by typhoons (8607, 8613 and 8616) was found to be about 1.2 h [3]. Our litera-
ture review shows that seiches with a period of about 4.0 h have not been reported before. 
The causes for differences in periods of seiches in these bays need to be further investi-
gated. 

2.2. Theoretical Consideration 
As mentioned in the introduction, seiches are standing oscillations with different 

modes in an enclosed or semi-enclosed basin or in a locally isolated part of a basin, and 
these dynamically free oscillations occur at the natural resonant periods of the basin [2]. 
The natural resonant periods of oscillations in a narrow basin or channel (1D) can be cal-
culated by Merian’s formula [14]. For a semi-closed channel (i.e., a channel with one open 
end and one closed end) with a constant water depth (h), such as a coastal bay, the natural 
periods can be computed based on: 

( )
4 , 1,2,3...

2 1n
LT n

n gh
= =

−
, (1) 

For a closed narrow channel, such as an elongated lake, the natural periods are given 
as: 

2 , 1,2,3...n
LT n

n gh
= = , (2) 

In the above equations 𝑇௡ represents the period in the nth mode of seiches, L the 
length of the channel, h the water depth and g the earth’s gravitational acceleration. If a 
basin is not narrow (2D), such as a rectangular basin with length L and width l, the natural 
periods are given as [15]: 

Figure 3. Power spectra of observed 10-min sea levels with tidal components removed at (a) Nanao
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Figure 2 demonstrates that, after Typhoon Mangkhut, the observed 10-min sea levels
at the two stations had significant free oscillations (seiches). The period for the highest peak
in the power spectrum is about 3.8 h at Nanao in Dapeng Bay (Figure 2a) and about 4.0 h at
Dongshan in Daya Bay (Figure 2b), with an oscillation amplitude of about 20 cm at Nanao
and 27 cm at Dongshan. After Typhoon Mawar, the period for the highest peak in the
power spectrum is about 3.5 h at Nanao (Figure 3a) and 4.0 h at Dongshan (Figure 3b), with
an amplitude of about 19 cm at Nanao and 30 cm at Dongshan. Furthermore, there were
seiches with a period of about 1.2 h and an amplitude of 20 cm at Dongshan in Daya Bay
(Figure 3b). As to be discussed later, a typhoon of the same intensity but with a different
landfall position can lead to different wind forcing and different patterns of sea level setup
in a bay and, therefore, generate different types of seiches.

Previous studies based on sea-level observations from May to October 1985 in Dapeng
Bay demonstrated that periods of primary seiches in the bay varied from 0.3 to 1.0 h, with
a dominant period of about 0.7 h [4]. The period of primary seiches in Daya Bay caused
by typhoons (8607, 8613 and 8616) was found to be about 1.2 h [3]. Our literature review
shows that seiches with a period of about 4.0 h have not been reported before. The causes
for differences in periods of seiches in these bays need to be further investigated.

2.2. Theoretical Consideration

As mentioned in the introduction, seiches are standing oscillations with different
modes in an enclosed or semi-enclosed basin or in a locally isolated part of a basin, and
these dynamically free oscillations occur at the natural resonant periods of the basin [2]. The
natural resonant periods of oscillations in a narrow basin or channel (1D) can be calculated
by Merian’s formula [14]. For a semi-closed channel (i.e., a channel with one open end and
one closed end) with a constant water depth (h), such as a coastal bay, the natural periods
can be computed based on:

Tn =
4L

(2n − 1)
√

gh
, n = 1, 2, 3..., (1)

For a closed narrow channel, such as an elongated lake, the natural periods are
given as:

Tn =
2L

n
√

gh
, n = 1, 2, 3..., (2)

In the above equations Tn represents the period in the nth mode of seiches, L the length
of the channel, h the water depth and g the earth’s gravitational acceleration. If a basin is
not narrow (2D), such as a rectangular basin with length L and width l, the natural periods
are given as [15]:

Tmn =
2√
gh

[(m
L

)2
+
(n

l

)2
]−1/2

, m, n = 0, 1, 2, 3..., (3)
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where m and n are the node numbers in L and l directions. For a semi-closed rectangu-
lar (2D) basin, however, theoretical periods cannot be derived readily. Expressions for
natural periods of seiches in other idealized basins can be found in the review paper
by Rabinovich [2].

The bathymetry and coastline of Dapeng and Daya Bays are complicated. In order
to study the influence of wind directions on seiches, these two bays are approximated
as one-dimensional channels along and across the mouth of the bay for the simplicity
of discussions here. As Dapeng and Daya Bays are approximated as one-dimensional
channels, they can be regarded as semi-closed water bodies in the along-bay direction (A–A
direction) and closed water bodies in the cross-bay direction (B–B direction) (Figure 1).

For seiches in these two bays, we calculate the natural periods in the two directions
of the first three modes using Equations (1) and (2). The higher modes of seiches are not
considered here due to their low energy levels. Our calculation results are shown in Table 1.
The primary periods of the observed seiches after Typhoons Mangkhut and Mawar are
close to the periods of the first mode of seiches in a semi-closed water body. The primary
period of observed seiches caused by Typhoon Mawar in Daya Bay is close to the period
of the second mode in a semi-closed water body or the first mode in a closed water body,
which is close to previous estimations made on observations in the literature [3]. This
suggests that the dynamically-free oscillations generated by different typhoons can be two
or more different types and characteristics of seiches in the two bays. Landing paths of
various typhoons are very different, which can be the main cause for different patterns of
sea level setup and, therefore, different types of seiches.

Table 1. Estimated natural periods of Dapeng and Daya Bays based on Equations (1) and (2).

Natural Periods (Hours)

Dapeng Bay Daya Bay

L (km) in A–A direction 25.0 25.0
L (km) in B–B direction 14.0 18.0

h (m) 8.5 6.3
T1 (hours) in A–A direction 3.0 3.5
T1 (hours) in B–B direction 0.9 1.3
T2 (hours) in A–A direction 1.0 1.2
T2 (hours) in B–B direction 0.4 0.6
T3 (hours) in A–A direction 0.6 0.7
T3 (hours) in B–B direction 0.3 0.4

3. Model Setup and Validation

A nested-grid ocean circulation modeling system is used in this study to improve our
understanding of the generation and propagation of seiches in Dapeng and Daya Bays. The
modeling system is based on the Regional Ocean Modeling System (ROMS), which uses a
terrain-following coordinate in the vertical [16] for the 3D setup.

The nested-grid modeling system has three sub-models: a course-resolution outer
sub-model, an intermediate-resolution middle sub-model and a fine-resolution inner sub-
model (Figure 4). Since the two typhoons considered in this study swept the northern South
China Sea, the domain of the outer sub-model, therefore, covers the northern South China
Sea, ocean waters around Taiwan and northern China Sea, with a horizontal resolution of
about 9.0 km. The domain of the middle sub-model covers the coastal and shelf waters of
Guangdong with a resolution of about 1.8 km. The domain of the inner sub-model covers
the main study area of this paper: the coastal waters off Shenzhen, with a resolution of
about 400 m.

In this study, only the barotropic dynamics in response to atmospheric forcing (i.e., wind
forcing and atmospheric pressure perturbations) and tidal forcing are considered for sim-
plicity. The outer and middle sub-models are two-dimensional, and the inner sub-model is
three-dimensional with 10 vertical sigma layers. The inner sub-model utilizes time-splitting
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methods to treat internal and external modes separately, and the time interval of the ex-
ternal mode is 25, 5 and 2 s, respectively, and the time interval of the internal mode of the
model is 40 s.

J. Mar. Sci. Eng. 2022, 9, x FOR PEER REVIEW 6 of 14 
 

 

waters of Guangdong with a resolution of about 1.8 km. The domain of the inner sub-
model covers the main study area of this paper: the coastal waters off Shenzhen, with a 
resolution of about 400 m. 

In this study, only the barotropic dynamics in response to atmospheric forcing (i.e., 
wind forcing and atmospheric pressure perturbations) and tidal forcing are considered 
for simplicity. The outer and middle sub-models are two-dimensional, and the inner sub-
model is three-dimensional with 10 vertical sigma layers. The inner sub-model utilizes 
time-splitting methods to treat internal and external modes separately, and the time inter-
val of the external mode is 25, 5 and 2 s, respectively, and the time interval of the internal 
mode of the model is 40 s. 

Unstructured grid ocean models, such as FVCOM (e.g., [17]), utilize variable size 
grids to have the advantage of having fine horizontal resolutions over areas of interest. In 
a separate work, the FVCOM was applied to the same study area with a near-shore hori-
zontal resolution of the order of 10. Both models based on FVCOM and ROMS give similar 
results. 

 
Figure 4. Major topographic features over domains of (a) the outer model, (b) middle model and (c) 
inner model of the nested-grid ocean circulation modeling system. 

The hurricane model developed by Holland [18] is used for the wind and the atmos-
pheric pressure perturbations at the mean sea level associated with a typhoon based on  

( ) ( )
0.5

2

0 exp
2 2

B B

a

B R R rf rfV r P P
r rρ ∞

         = − − + −                   
, (4) 

( ) ( )0 0

BRp r P P P
r∞

 = + − − 
 

, (5) 

where V(r) is the wind speed and p(r) is the air pressure; P∞ and P0 are the typhoon‘s pe-
ripheral pressure and central pressure, respectively; r is the distance from the calculation 
point to the typhoon center; R is the radius of maximum wind speed; f is the Coriolis 
parameter; 𝜌a is the air density; and B is the Holland fitting parameter. The data for the 

Figure 4. Major topographic features over domains of (a) the outer model, (b) middle model and
(c) inner model of the nested-grid ocean circulation modeling system.

Unstructured grid ocean models, such as FVCOM (e.g., [17]), utilize variable size
grids to have the advantage of having fine horizontal resolutions over areas of interest.
In a separate work, the FVCOM was applied to the same study area with a near-shore
horizontal resolution of the order of 10. Both models based on FVCOM and ROMS give
similar results.

The hurricane model developed by Holland [18] is used for the wind and the atmo-
spheric pressure perturbations at the mean sea level associated with a typhoon based on

V(r) =

{
B
ρa

(
R
r

)B
(
(P∞ − P0) exp

[
−
(

R
r

)B
]
+

(
r f
2

)2
)}0.5

− r f
2

, (4)

p(r) = P0 + (P0 − P∞)

(
−R

r

)B
, (5)

where V(r) is the wind speed and p(r) is the air pressure; P∞ and P0 are the typhoon‘s
peripheral pressure and central pressure, respectively; r is the distance from the calculation
point to the typhoon center; R is the radius of maximum wind speed; f is the Coriolis
parameter; ρa is the air density; and B is the Holland fitting parameter. The data for
the path and atmospheric pressures at the center of the typhoon used in this study were
extracted from the CMA Optimal path dataset of the Tropical Cyclone Data Center of
China Meteorological Administration [19,20]. The tidal forcing is specified at the open
boundaries of the modeling system based on results produced by the global ocean tide
model TPXO9 [21].

The nested-grid modeling system is used to simulate sea levels and three-dimensional
(3D) currents over coastal waters off Shenzhen before, during and after the passage of
Typhoon Mangkhut. The model output interval is set at 10 min as the same as the ob-
servations. Figure 5 presents time series of observed and simulated sea levels at Nanao
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and Dongshan stations during the period from 9 to 18 September 2018. The simulated
sea levels agree very well with the measured values at these two stations. The root mean
square error (RMSE) for the results produced by the inner sub-model is about 0.27 m at
these two stations. The correlation coefficients (R) are about 0.88 at Nanao and 0.89 at
Dongshan. In addition, the inner sub-model reproduces the observed storm surge induced
by Typhoon Mangkhut reasonably well, with a model error of less than 10% for simulating
the maximum sea level.
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Figure 5. Time series of observed and simulated sea levels at stations (a) Nanao in Dapeng Bay and
(b) Dongshan in Daya Bay. The storm center of Typhoon Mangkhut passed these two stations at 09:00
UTC on 16 September 2018.

4. The Mechanism of Seiches in Dapeng and Daya Bays

The nested-grid modeling system is used in this section to examine the main processes
affecting the generation and propagation of seiches associated with Typhoon Mangkhut in
Dapeng and Daya Bays off Shenzhen.

4.1. Seiches after the Passage of Typhoons

Power spectrum analysis was first conducted for the time series of sea levels at
12 locations taken from results produced by the inner sub-model for two days between
02:00 UTC on 17 September and 02:00 UTC on 19 September 2018 after the passage of
Mangkhut. These 12 locations include 6 locations in Dapeng Bay and 6 locations in Daya
Bay off Shenzhen (Figure 6). The main reason for choosing these 12 locations is that they
can reflect the difference of seiches in different parts of the bay.

The power spectra of simulated sea levels after the passage of Mangkhut have major
peaks around the period of 3.6 h at the six locations in Dapeng Bay (Figure 7a) and around
the period of 4.0 h at the six locations in Daya Bay (Figure 7b). The periods for major
oscillations estimated from simulated sea levels agree reasonably well with periods for
major seiches estimated from the observed sea levels, which are about 3.8 h in Dapeng
Bay and about 4.0 h in Daya Bay (Figure 2). Figure 7a also demonstrates that the major
oscillations produced in the inner sub-model have amplitudes between 15 and 20 cm at
the six locations in Dapeng Bay, with a mean amplitude of about 17 cm. In Daya Bay, the
amplitudes of major free oscillations are between 17 and 24 cm at the six locations, with a
mean amplitude of about 20 cm. The estimated amplitudes of major oscillations based on
simulated sea levels also agree with the observations, which are about 19 cm in Dapeng
Bay and 30 cm in Daya Bay.
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To examine the main characteristics of dynamically free oscillations after the passage of
Typhoon Mangkhut, we consider the simulated sea levels in Daya Bay on 16 September after
the passage of the Typhoon (Figure 8), based on results produced by the inner sub-model
without tidal forcing.

At 14:00 on 16 September, about 5 h after the landfall of Mangkhut, a significant
storm-induced setup occurred in Daya Bay (Figure 8a). The simulated sea levels in Daya
Bay at this time vary from the maximum sea levels of about 25 cm at the head near Aotou
and Fanhe Harbor to values of about 18 cm at the mouth of the bay. The sea levels in
the bay decrease with time and are about 16 cm at the head near Aotou and about 8 cm
at the mouth of the bay at 15:00 (Figure 8b). The simulated sea levels are near uniform
and about 6 cm at the head and about 8 cm at the mouth of the bay at 16:00 (Figure 8c).
In subsequent times, the simulated sea levels in the bay have free oscillations with one
antinode (or node) at any given time, in the same way as the first mode of quarter-wave
seiches in a semi-closed narrow channel with one open end [2,14].

It should be noted that many physical processes can generate seiches over coastal
waters, such as wind stress, atmospheric pressure perturbations, onshore propagations of
sea level perturbations from deep offshore waters, deep-sea internal waves and seismic
activity. Our model results demonstrate that the seiches in the coastal bays off Shenzhen
after the passage of Typhoon Mangkhut are the free oscillations induced by the relaxation
of storm-induced sea level setup/setdown. These oscillations are the resonance motions of
dynamically free waves. Therefore, wind directions should play a very important role in
generating storm-induced setup and seiches over coastal waters because different wind
directions can lead to the accumulation of water bodies in different regions in the bay, and
hence affect the directions of free oscillation and periods of seiches.
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4.2. Effect of Wind Directions on Seiches

Typhoon Mangkhut made landfall in western Shenzhen. However, a typhoon in the
future can make landfall at a different location with a different storm track, both of which
can lead to different wind directions and intensities over coastal waters off Shenzhen.
To investigate influences of wind directions on seiches in Dapeng and Daya Bays, four
idealized numerical experiments were conducted using the same nested-grid modeling
system but with a wind pulse. The main differences among these four idealized experiments
are different directions of constant winds on the first day (F–D, E–C, D–F and C–E), as
shown in Figure 9. The F–D axis is roughly in the across-bay direction of these two bays,
and the C–E axis is roughly in the along-bay direction. The wind direction is parallel to
the direction from point F to point D in case F–D, from point E to point C in case E–C and
so on. In each idealized experiment, a wind pulse defined as a constant wind forcing on
the first day (Table 2) and no wind forcing afterwards, is used to drive the nested-grid
modeling system. The model is integrated for nine days in each idealized experiment. The
model’s results produced by the inner sub-model in the four idealized experiments for two
days right after the pulsing wind forcing are used to investigate seiches in the two bays
off Shenzhen.

Power spectrum analysis was conducted for simulated sea levels at 12 locations
in Dapeng and Daya Bays in each idealized experiment. These 12 locations are shown
in Figure 6. A comparison of the model’s results among four idealized experiments
demonstrates that seiches generated by the wind pulse in E–C and C–E directions are
similar. The seiches generated by the wind pulse in D–F and F–D directions are also similar.
In case E–C (Figure 10), the period of primary seiches in Dapeng Bay is about 3.5 h with an
amplitude of about 17 cm. The general characteristics of primary seiches in Daya Bay are
similar to those in Dapeng Bay in case E–C. The seiches generated by the wind pulse in
the directions of E–C and C–E are very close to the free oscillations induced by Typhoon
Mangkhut in terms of periods and amplitudes of primary seiches, due to the fact that the
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wind directions associated with Typhoon Mangkhut in these two bays before the landfall
were close to the E–C direction.
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Table 2. Directions and speeds of constant surface winds used in driving the nested-grid modeling
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Idealized Run Direction U (m/s) V (m/s)

1 D–F −30 −20
2 E–C −20 30
3 F–D 30 20
4 C–E 20 −30
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Figure 10. Power spectra of sea levels at (a) six locations in Dapeng Bay and (b) six locations in Daya
Bay based on results produced by the inner sub-model with the direction of constant wind forcing in
the E–C direction.

In comparison with the results in case E–C, seiches generated by the wind pulse in the
D–F direction (Figure 11), have very small amplitudes, mainly because the wind directions
in case D–F (or F–D) are normal roughly to the longitudinal axes of two bays and, therefore,
the wind forcing is less effective at generating the significant coastal setup inside these
two bays. In case D–F, the period of the primary seiches in Dapeng Bay is about 3.5 h;
however, seiches with periods of 1.9 and 1.3 h are also present. In Daya Bay, in addition
to the primary seiches with a period of about 4.0 h, seiches with periods of 2.0 and 1.4 h
are also excited in case D–F. Based on the natural periods listed in Table 1, the seiches with
a period of 1.3 h in Dapeng and Daya Bays can be either the second mode of seiches in
a semi-closed channel of which the longitudinal axis is parallel to the bay mouth or the
first mode of seiches in a closed channel of which the longitudinal axis is normal to the
bay mouth.
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Figure 11. As in Figure 10 in (a) Dapeng Bay and (b) Daya Bay, except the direction of constant wind
forcing is in the D–F direction.

Distributions of sea levels in Daya Bay after the wind pulse in the E–C (or E–C)
direction have similar spatial features, but with different magnitudes, to the counterparts
after Typhoon Mangkhut, namely, the first mode of seiches in a semi-closed channel. For
the wind pulse in the F–D (D–F) direction (Figure 12), by comparison, the distributions
of sea levels in Daya Bay differ significantly from the counterparts in case E–C. The sea
levels in case F–D (Figure 12) have many small-scale features in Daya Bay, particularly with
large free oscillations in Fanhe Harbor. At 00.00 (2 h after the end of the constant wind
forcing), the sea levels in case F–D are positive and large, at about 30 cm, at the head of
Fanhe Harbor and negative and large, at about −30 cm, near Aotou (Figure 12a). The sea
levels at this time are relatively small near the mouth of Daya Bay. At 00:30, the sea levels
are negative and large, at about −20 cm, at the head of Fanhe Harbor and positive and
large, at about 35 cm, at Aotou (Figure 12b). At 01:00, the sea levels are about 15 cm at the
head of Fanhe Harbor and relatively larger, at about 30 cm, over the area outside the harbor
(Figure 12c), and large and positive over the central area of Daya Bay. At 1:30, the sea levels
are significant and large, over 40 cm, at the head of Fanhe Harbor, and also positive and
about 10 cm at Aotou (Figure 12d). At the subsequent times, the sea levels are relatively
small but still have significant oscillations with large spatial variability (Figure 12e–i).
Figure 12 demonstrates that free oscillations after the wind pulse in Daya Bay have seiches
with periods of 1.3 and 1.4 h, in addition to the period of about 4.0 h. Oscillations with
periods of 1.3 and 1.4 h are close to the first modes of seiches with periods of 0.9 and 1.3 h
calculated using Merian’s formula for a narrow and closed channel. In addition, Figure 12
demonstrates that there is no second mode of seiches along the bay mouth direction, and
only the first mode exists. This suggests that the two different periods of seiches in the
F–D direction are the superposition of the first modes of seiches in two narrow channels in
different orientations. In practice, due to the variation of the wind field and the irregularity
of bay morphology, seiches with different directions and periods often coexist.

The model’s results in four idealized experiments demonstrate that storm-induced
accumulation of water mass (or sea level setup) over different sides of a coastal bay
generates different types of seiches, which can coexist in the bay. The model’s results also
demonstrate that the amplitude of the first mode of seiches in the semi-closed narrow
channel with its longitudinal axis normal to the bay mouth is larger than that in the closed
narrow channel with the longitudinal axis parallel to the bay mouth. This is because it is
easier for water mass to accumulate in the former case than in the latter case. In the latter
case, water mass can directly enter or flow out, and the accumulation of water mass is
smaller, leading to smaller seiche amplitudes than in the former case.

Typhoon Mawar made landfall over eastern Shenzhen. During its landing process,
the wind directions associated with Mawar in Shenzhen are roughly in the D–F direction,
i.e., in the direction parallel to the bay mouth, which is more likely to generate seiches
with a period of about 1.2 h and seiches with a larger amplitude than that generated by
Typhoon Mangkhut. The four idealized experiments clearly illustrate the influence of wind
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directions on the characteristics of seiches and further demonstrate the influence of typhoon
landing locations on seiches. Accurate wind forcing should enable us to generate realistic
seiches associated with typhoons. One possible way to do this is to use an atmospheric
model (such as WRF) coupled to our ocean circulation modeling system to get more realistic
winds associated with typhoons. Our work in this area is in progress.
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5. Summary

Observations and model results were used in this study to investigate characteristics
of seiches over the coastal waters off Shenzhen, China. The model results were generated
by a nested-grid modeling system based on the Regional Ocean Modeling System. The
nested-grid system consists of three sub-models: a course-resolution (~9 km) outer sub-
model, an intermediate resolution (~1.8 km) middle model and a fine-resolution (~400 m)
inner-model. The domain of the inner-most sub-model of the nested-grid system covers
Dapeng Bay, Daya Bay and adjacent coastal waters off Shenzhen. The inner sub-model
was found to perform very well in simulating tides and storm surges over coastal waters
off Shenzhen.

Spectral analysis of sea-level observations demonstrated that, after the passage of
Typhoon Mangkhut in September 2018, primary seiches had a period of about 3.8 h at
station Nanao in Dapeng Bay and about 4.0 h at station Dongshan in Daya Bay. The
estimated amplitude of the primary seiches was about 20 cm at Nanao and about 27 cm at
Dongshan after Mangkhut. The primary seiches estimated from the spectral analysis of
observed sea levels had a period of about 3.5 h at station Nanao in Dapeng Bay and about
4.0 h at station Dongshan in Daya Bay after the passage of Typhoon Mawar in September
2017. The estimated amplitude of the primary seiches after Mawar was about 19 cm at
Nanao and about 30 cm at Dongshan. Seiches with a period of about 1.2 h and an amplitude
of 20 cm also occurred at Dongshan after Mawar, which were larger than the counterparts
after Typhoon Mangkhut.
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The results produced by the inner model of the nested-grid modeling system were
used to examine the main processes affecting the generations and propagations of seiches in
Dapeng and Daya Bays after typhoons. The model’s results demonstrated that the seiches
after passages of Mawar and Mangkhut are oscillations excited by the relaxation of water
accumulation caused by the wind stress, and those oscillations are the resonance motions
of dynamically free waves.

The generation and propagation of seiches by wind-induced sea level perturbations
in Daya Bay were further examined using model results in four idealized numerical
experiments with a wind pulse with different wind directions. Analysis of the model’s
results from these experiments demonstrated that when the wind pulse causes the water
body to accumulate on the sides of the bay, the primary oscillations in the bay are equivalent
to seiches in a closed channel. On the other hand, when the wind pulse causes the water
body to accumulate over the head of the bay, the primary oscillations in the bay are
equivalent to seiches in a semi-closed channel. Typhoon landing locations lead to different
wind directions in Shenzhen; therefore, typhoon landing locations have a direct impact
on the type and characteristics of seiches. In future, more observations will progress
understanding of this process in more detail. This phenomenon about varying periods of
seiches due to different wind directions probably also exists in other coastal regions.
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