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Abstract

A  large  sand  bar  develops  in  the  inner  Qiantang  River  Estuary,  China.  It  is  a  unique  sedimentary  system,
elongating landwards by about 130 km. Based on long-term series of bathymetric data in each April, July, and
November  since  the  1960s,  this  study  investigated  the  morphological  behavior  of  this  bar  under  natural
conditions and the influence of a large-scale river narrowing project (LRNP) implemented in the last decades. The
results show that three timescales, namely the seasonal, interannual and decadal timescales, can be distinguished
for the sand bar evolution. The first two are related to the seasonal and interannual variations of river discharge.
During high discharge seasons or years, erosion took place at the upper reach and sedimentation at the lower
reach. Consequently, the bar apex shifted seaward. The opposite development took place during low discharge
seasons or years. The decadal timescale is related to LRNP. Due to the implementation of LRNP, the upper reach
has experienced apparent erosion and currently a new equilibrium state has been reached; whereas the lower
reach has been accumulated seriously and the accumulation still continues. Nonlinear relationships for how the
bar apex location and elevation depend on the river discharge over various stages of LRNP have been established.
Compared with the earlier stage of LRNP, the bar apex at present has shifted seaward by about 12 km and lowered
by about 1 m. The sand bar movement has significant feedback on the hydrographic conditions along the estuary
and has practical implications for coastal management.
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1  Introduction
An estuary is located at the coastal zone where river meets the

sea (Dyer, 1997). Estuaries are of high economic values, provid-
ing accesses to water transportation and recreational activities.
They are also of profound ecological values, hosting various spe-
cies of wildlife like birds, fishes, benthos, etc., and play an im-
portant role on the global carbon cycle (Carter et al, 1994;
Trenhaile, 1997). On the other hand, many estuaries are influ-
enced by anthropogenic activities, such as embankment, dam
construction and sand excavation. Especially during the last one
or two centuries, such human interventions often have had more
significant effects on the morphological development than those
due to natural forces (Gao and Wang, 2008; Yang et al., 2011;
Wang et al., 2015, 2020). From the coastal management point of
view, it is of major practical significances to study morphological
evolution of estuaries, in particular under increasing anthropo-
genic pressure.

The Qiantang River Estuary is one of the largest macro-tidal
estuaries on the East China Sea coast, next to south of the
Changjiang River Estuary (Fig. 1). The most remarkable morpho-
logical feature of the estuary is the presence of a large sub-

aqueous sand bar. It is a unique Holocene sedimentary system,
elongating by about 130 km upstream from the middle Hang-
zhou Bay (Gao, 2013; Gao and Collins, 2014). Earlier field surveys
revealed that sediment of the large sand bar mainly comes from
the adjacent Changjiang River Estuary (Chen et al., 1990; Chien
et al. 1964). Sedimentary facies analyses based on sediment cores
showed that the thickness of the Holocene sedimentary layer of
the sand bar area can be up to 100 m (Lin et al., 2005; Zhang et
al., 2014; Fan et al., 2015). Recent morphodynamic modeling re-
vealed that the sand bar formation is mainly due to significant
landward sediment transport caused by the strong convergence
of the estuary and the macro-tides from the seaside (Yu et al.,
2012; Xie et al., 2017a). However, few bathymetric data have been
reported, in particular on the seasonal and interannual morpho-
logical developments of the sand bar.

Worldwide, land reclamation has been common practice in
many estuaries. Reclamation induces changes of hydrodynamics,
associated sediment transport and subsequently morphological
evolutions. Because of the large covering area of an estuary, ef-
fects of most estuarine projects are local (He et al., 2011; Luan et
al., 2016; Zhang et al., 2020). Since the 1960s, a large-scale river  
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narrowing project (LRNP) has been implemented in the Qi-
antang River Estuary for the aims of estuary regulation and land
expansion (Fig. 2). Consequently, the planform of the estuary has
been changed significantly. This provides an opportunity to de-
tect the influence of estuary planform on the large sand bar evol-
ution. In recent years, several studies have focused on the mor-
phological responses of the Hangzhou Bay (the downstream
reach of the Qiantang River Estuary) to the LRNP (Dai et al., 2014;
Liu and Wu, 2015; Liu et al., 2017). Especially, the sedimentation
rate in the inner Hangzhou Bay has been enhanced from 2.4
cm/a to 13.4 cm/a in recent years (Xie et al., 2017b). So far, our
understanding on the morphological response of the reach from
Zhakou to Ganpu, known as the estuarine reach (Chen et al.,
1990; Han et al., 2003), to the LRNP is still limited.

The objectives of this study are to delineate the seasonal, in-
terannual and decadal morphological evolution of the large sand
bar in the Qiantang River Estuary, based on long-term series of
bathymetric data of the Zhakou−Ganpu reach since the 1960s.
The Zhakou−Ganpu reach is the main part of the large sand bar (Fig. 1)
and the morphological development in this reach is controlled by

the combination of river flow and tides. Specific aims are: (1) to
investigate the morphological behavior of the large sand bar in
seasonal and interannual timescales under natural conditions;
(2) to detect the morphological response of the sand bar to the
LRNP; and (3) to explore the potential forces for morphological
adjustment and its practical implications for coastal management.

2  Study area
The Qiantang River Estuary is a 282 km long funnel-shaped

estuary. The width of the estuary decreases from 98.5 km at the
mouth (Nanhui−Zhenhai Transect) to less than 1 km at the up-
stream end (Fuyang Transect) (Fig. 1a). The estuarine reach is
controlled by both river discharge and tidal flow, showing ex-
tremely active morphological evolution. Downstream Zhapu in
the middle Hangzhou Bay is a subaqueous plain, with bed eleva-
tion around −10 m (with respect to the National Height Datum
1985, the same below). A large sand bar is developed upstream
Zhapu and elongates by about 130 km. The bed level begins to
rise gradually from Zhapu, reaches the highest (the bar apex) of
above 0 m (Han et al., 2003; Xie et al., 2017a) at the Qibao−Can-

31°
N

30°

119.5° 120.5° 121.5° 122.5°E

a

b

a

Ji
n
sh

an

Z
h
ap

u

G
an

p
u

Y
an

g
u
an

Q
ib

ao

F
u
y
an

g

F
u
ch

u
n

E
le

v
at

io
n
/m

10

5

0

−5

−10

−15

−20

−25

Z
h
ak

o
u

0 50 100 150 200 250

Distance/km

mean high level

mean low level

upper reach lower reach

around 10 m

large bar

 

Fig. 1.   Location of the Qiantang River Estuary (a), and the transverse-averaged longitudinal profile of the large bar (b). In the panel a,
the dashed box denotes the area of the large bar and the black cross-sections denote those surveyed by ZSIEC. The panel b is after Xie
et al. (2017a).
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gqian reach, and then falls landward to below −20 m at Fuyang
(Fig. 1b).

The annually averaged tidal range at the north side of Hang-
zhou Bay mouth is 3.21 m. It increases gradually landwards due
to the estuary convergence, and reaches the maximum of 5.62 m
at Ganpu (Pan and Han, 2017). Upstream Ganpu the large sand
bar results in water depth decrease, such that tidal wave is
severely deformed and eventually evolves into the world-famous
Qiantang Bore. Flood duration shortens from 5.4 h at Ganpu to abo-
ut 1.5 h at Zhakou, and ebb duration prolongs from 6.9 h to 10.9 h.

The annually averaged discharge of the Qiantang River is 952 m3/s
(Han et al., 2003). The monthly averaged discharges vary
between 319 m3/s and 1 705 m3/s (Fig. 3). The runoff mainly oc-
curs in the rainy season (between April and July), accounting for
55%−60% of the year. Furthermore, it is characterized by the al-

ternate wet and dry years on the interannual timescales, with the
period around 20 years (Zeng et al., 2010). The sediment load
from the Qiantang River is around 8×106 t/a and the suspended
sediment concentration is normally less than 0.1 kg/m3 under
normal river conditions (Chen et al., 2006). Sediment in the estu-
ary is mainly from the adjacent Changjiang River Estuary. The
huge sediment load from the Changjiang River, used to be
around 4.5×108 t/a, is diffused southerly and enters the Qiantang
River Estuary under the influences of tidal currents and wind
waves (Su and Wang, 1989; Chen et al., 1990). The sediment in
the estuary is mainly composed of fine silt and clay, with the me-
dian grain size generally between 0.02 mm and 0.04 mm (Chen et
al., 1990).

The Qiantang River Estuary is wide and shallow, and the fine
sediments are highly mobile under the swift river flow and tidal
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Fig. 2.   The large-scale river narrowing project of the Qiantang River Estuary since the 1960s.
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Fig. 3.   Annually averaged discharge (a) and month (b) river discharges of the Qiantang River over 1956–2018. The dashed pink line in
the panel a denotes the multi-yearly averaged discharge and the dashed blue lines denote the averaged discharge over the alternate
wet and dry years.
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currents. The bed level changes rapidly and the thalweg used to
swing frequently (Chien et al., 1964; Chen et al., 1990; Zeng et al.,
2010), with extremely adverse effects on flood defense, drainage
as well as protection and utilization of estuary resources. Since
the 1960s, the LRNP has been gradually implemented, mainly by
embanking at the middle and high tidal flats along the south
bank (Li and Dai, 1986; Han et al., 2003; Pan et al., 2010). So far
more than 1 000 km2 land has been reclaimed (Fig. 2). The
coastal banks between Zhakou and Yanguan reaches (hereafter
defined as the upper reach) were fixed after the narrowing dur-
ing 1968–1985. The regulation of the Yanguan−Ganpu reach
(hereafter defined as the lower reach) was basically completed by
2000. After 2000, only some local reclamation along the southern
bank of the Hangzhou Bay has been carried out.

3  Data and methods
The topography of the estuarine reach between Zhakou and

Ganpu has been measured by Zhejiang Surveying Institute of Es-
tuary and Coast in each April (before the rainy season), July (after
the rainy season), and November (after autumn) since the 1960s
(Han et al., 2003). During each bathymetrical survey, the bed el-
evation along 50 cross-sections, with an average distance of 1–2 km
between them, was observed using an Odom Hydrotrac echo-
sounder and a global positional system by Trimble (Fig. 1). The
errors of elevation and horizontal positioning are within 0.1 m
and 1 m, respectively. After each bathymetrical measurement the
transverse-averaged elevations for each cross-section and
volumes under local annually averaged low water level have been
calculated by ZSIEC. The former is a function of cross-sectional
area and width, and the latter is a function of cross-sectional area
and distance between neighboring cross-sections.

The transverse-averaged elevations in the estuarine reach
from 1964 to 2018 have been collected from ZSIEC. This dataset
provides a basis for analyzing the short-term and long-term mor-
phological behavior of the large sand bar. In addition, the origin-
al bathymetric data in 1967, 1976, 1987, 1997, 2010 and 2017
(roughly with an interval of ten years) was collected to obtain an
overview of the morphological evolution of the estuarine reach.
The annually averaged discharges of these six years were all
around 900 m3/s (Fig. 3a). The morphology of the estuarine reach
is sensitive to the variations of river discharge (Han et al., 2003;
Xie et al., 2018). The selection of these six years allows a compar-
ison under comparable hydrodynamic conditions. The eleva-
tions before 2000 were with respect to the theoretically lowest tid-

al datum at Wusong. Since 2001, the bed elevations have been
with respect to the Chinese National 1985 Datum. In this study
the topographic data is uniformly converted into the 1985
Datum.

Topographic data are analyzed for the continuous dry and
wet years, as well as dry and wet seasons, in order to determine
the seasonal and interannual morphological variations of the
large sand bar. In particular, the location and elevation of the bar
apex are important indicators of the large sand bar morphology
(Chien et al., 1964; Chen et al., 1990). The temporal and spatial
variations of the bar apex are analyzed over various stages of the
LRNP. In addition, the years of 2004 and 2012 are chosen to be
typical dry and wet years, respectively. The annually averaged
discharges of the two years were the maximum and minimum
since 1980, respectively (Fig. 3). The annually averaged dis-
charges were 454 m3/s in 2004 and 1 470 m3/s in 2012, about re-
spectively 0.5 and 1.5 times of the long-term discharge of the Qi-
antang River.

In January 2017 a hydrographic survey was carried out at
three hydrographic stations along the Ganpu Transect (Fig. 1a),
measuring tidal levels, water depth, current velocity of 6 vertical
layers, namely the surface, 0.2 H, 0.4 H, 0.6 H, 0.8 H and near the
bottom (H denotes the water depth). The measurements covered
a spring-neap tide cycle. The tidal prisms over each tide were de-
termined by using water depth and depth-averaged current velo-
city. Meanwhile, the tidal prisms along the same transect in Janu-
ary, 1977 were collected from Pan and Han (2017). The field work
in 1977 was carried out during spring and intermediate tides. For
the comparison between tidal prisms in 1977 and 2017, the rela-
tionships between tidal prisms and tidal ranges at the Luchaogang
tidal gauging station at the mouth are analyzed.

4  Results

4.1  The seasonal and interannual morphological changes of the
large sand bar
Figure 4a illustrates the seasonal variations of the transverse-

averaged longitudinal profiles of the large sand bar in 2012. From
April to July, the bed in the upper reach was eroded by 0.98 m,
while in the lower reach it was accumulated by 0.42 m. From July
to November the bed evolution was opposite, namely accumula-
tion occurred in the upper reach and erosion occurred in the
lower reach. The location of the bar apex in the three months was
41.7 km, 43.5 km and 40.2 km from Zhakou, respectively, and the
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Fig. 4.   The seasonal variations of the longitudinal profile of the large bar in 2012 (a), and the comparison of the longitudinal profile of
the large bar in April of 2004 and 2012 (b).
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elevation was 1.42 m, 0.41 m and 1.73 m, respectively. It is clear
that the bar apex was lowered and moved seaward during the
high discharge season and then gradually recovered in the fol-
lowing months. Since this study compares the sand bar evolu-
tion using the transverse-averaged bed elevation, the presented
bed level changes are smaller in magnitude than the local bed
level changes which can be up to 5 m in several months (Han et
al., 2003; Xie et al., 2018). Moreover, both the front slope (from
Ganpu to the apex) and adverse slope (from the apex to Zhakou)
of the large sand bar were flatter in July than in April and Novem-
ber. The front and adverse slopes in the three months were
0.99×10−4,  0.67×10−4,  1.11×10−4  and 0.55×10−4,  0.44×10−4,
0.76×10−4, respectively.

For an analysis of interannual morphological changes the ba-
thymetries in April or November are more suitable, because the
bathymetry in July is generally influenced by high river discharge
in the rainy season, especially by episodic flood events (Han et
al., 2003; Xie et al., 2018). Figure 4b shows the longitudinal pro-
files in April of 2012 and 2004. The bed elevation over the upper
reach in 2004 was 1.10 m higher than in 2012, whereas the eleva-
tion over the lower reach was 0.46 m lowered. The bar apex in
2004 and 2012 was 30.3 km and 41.7 km from Zhakou, respect-
ively, and the bed elevation at the apex was 2.56 m and 1.54 m,
respectively, indicating that the apex shifted seaward by 11.4 km
and lowered by 1.02 m from 2004 to 2012. Meanwhile, the front
and adverse slopes of the sand bar in 2012 were flatter than
in 2004, with the slopes decreased by 0.18×10−4 and 0.28×10−4,
respectively.

Figure 5 shows the variations of the location and elevation of
the bar apex basd on data in each April, July and November since
the 1960s. The distance from Zhakou of the apex was smallest in
November and largest in July. The average distances in April, Ju-
ly, and November were 29.4 km, 34.7 km, and 27.2 km, respect-
ively, and the elevation is highest in November, and lowest in Ju-
ly. In terms of the alternate wet and dry years, both the location
and the elevation fluctuated with the variations of the river dis-
charge. The location was more landwards in the dry years than in
the wet years. Meanwhile, the bar apex was relatively lower in the
wet years than in the dry years. The magnitude of changes dur-
ing the years varied between 0.1 m and 1.1 m.

4.2  Decadal morphological changes of the large sand bar
Figure 6 shows the bathymetries of the estuarine reach meas-

ured in April of the six years, i.e., 1967, 1976, 1987, 1997, 2010 and
2017. In the earlier stage, the estuary was flanked by extensive

tidal flats, in particular along the southern bank. With the gradu-
al implementation of the LRNP, most of the flats were reclaimed.
The main channel was generally located at the concave bank due
to centrifugal force. Overall, the bed level was higher between
Qibao and Yanguan whereas that in the reaches upstream Qibao
and downstream Yanguan are lower. The sand bar evolution can
be more easily detected using the laterally averaged bed level
data (Fig. 7). It is apparent that the bar apex in 1967 and 1976
were more landwards and then moved seaward in the later peri-
ods. For example, the locations of the bar apex in 1967 and 2017
were 17.9 km and 30.3 km from Zhakou, respectively, and the
corresponding elevations of the apex were 1.53 m and 0.45 m.
With the movement of the bar apex, the upper reach has been
eroded and the lower reach has been accumulated. Between
1967 and 2017, the bed erosion and accumulation in the upper
and lower reaches were −1.16 m and 0.89 m, respectively. In ad-
dition, the front and adverse slopes have been decreased fr-
om 1.31×10−4 to 1.04×10−4 and from 0.99×10−4 to 0.86×10−4,
respectively.

As shown in Fig. 5, all data in April, July and November over
the last six decades show that the bar apex has shifted seaward
and lowered to a certain extent. In April the bar apex of the six
decades was 26.2 km, 30.1 km, 28.0 km, 31.3 km, 25.5 km and 39.4 km
from Zhakou, respectively, and the elevations was 1.21 m, 1.93 m,
0.84 m, 0.57 m, 0.73 m and 0.36 m, respectively. Thus, the bar
apex has shifted seaward by 13.2 km and lowered by 0.95 m in the
last decades.

Based on data before the beginning of the LRNP, it was found
that the location of the bar apex correlates well with the vari-
ations of the river discharge (Chen et al., 1990). Figure 8 shows
the relationships between the April bar apex location and eleva-
tion and the river discharge from last December to April in the
period between 1964 and 2018. The data are divided according to
three stages of the LRNP: the earlier stage between 1964 and
1980, the middle stage between 1981 and 2000 and the later stage
between 2001 and 2018. The distance between the apex and
Zhakou in the three stages shows positive logarithmic relation-
ships with the river discharge, consistent with the observation by
Chen et al. (1990), whereas the apex elevations show negative
logarithmic relationships with the river discharge. On the other
hand, it is clear that such relationships have change. Under the
annually averaged river discharge of 952 m3/s, the distances of
the earlier and later stages are 29.3 km and 41.2 km, respectively,
and the elevations are 0.41 m and −0.56 m, respectively. Com-
pared with earlier stage, the bar apex has thus shifted seaward by

a b

1960s 1970s 1980s 1990s 2000s 2010s 1960s 1970s 1980s 1990s 2000s 2010s

D
is

ta
n
ce

 f
ro

m
 Z

h
ak

o
u
/k

m

B
ed

 e
le

v
at

io
n
/m

50

40

30

20

10

0

April

July

November

3.0

2.5

2.0

1.5

0.5

1.0

0

−0.5

−1.0

 

Fig. 5.   Decadal variations of the position and bed elevation of the bar apex.
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about 11.9 km, and the elevation has been lowered by about 0.97 m.
Figure 9 shows the time series of the volumes of the upper

and lower reaches under local annually averaged low water
levels. The volume of the upper reach has been enlarged by
140.5×106 m3. Because the embankment by LRNP occurred at the
middle and high flats (Li and Dai, 1986), the direct influence of
the embankment on the calculated volume was limited. Thus,
the volume increases indicate that the upper reach experienced
significant bed erosion. The volume correlates well with the
mean river discharge during last December to April in the two
stages before 1980 and after 2001 (Fig. 9b), indicating that the
morphological evolutions in the two periods mainly depend on
the variation of the river discharge. This relationship for the peri-

od 1981–2000 is less clear, probably due to the disturbance
caused by the gradual implementation of the LRNP. Contrarily,
the volume of the lower reach has decreased gradually from
1 271.5×106 m3 to 556.1×106 m3. The amount of sediment accu-
mulation since the 1960s is 715.4×106 m3, more than half of the
volume in the 1960s. Sediment accumulation in this reach is still
going on.

5  Discussion

5.1  Mechanisms of the sand bar evolution
It is well known that the morphological evolution of an estu-

ary is controlled by the interactions between hydrodynamics,

Yanguan Yanguan
Ganpu

1967
Ganpu

1997

Qibao Qibao

Zhakou
Zhakou

−10 −9 −8 −7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6

Yanguan Yanguan

1976
Ganpu Ganpu

2010

QibaoQibao

ZhakouZhakou

Yanguan Yanguan
Ganpu

1987 2017
Ganpu

QibaoQibao

Zhakou
Zhakou

Bathymetry/m
 

Fig. 6.   Bathymetry charts of the estuarine reach in April of 1967, 1976, 1987, 1997, 2010 and 2017.
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Fig. 7.   The longitudinal profiles of the large bar in April of the six years in Fig. 6 (a), and the bed level change between 1967 and 2017 (b).
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sediment transport and bed level change (Hibma et al., 2004; Xie
et al., 2010; Gao and Collins, 2014). Under natural conditions,
most estuaries in the Asian region have reached their morphody-
namic equilibrium state. However, human activities can strongly
disturb the systems and force them into a non-equilibrium state
(Gao, 2006). In the earlier stage, despite the apparent seasonal
and interannual bed level changes, the Qiantang River Estuary
was under its equilibrium over an enough long timescale (Chien
et al., 1964). With the implementation of the LRNP, such equilib-
rium was broken, and the system adjusted to adapt to the new
hydrodynamic conditions. The lower reach of the large sand bar
has experienced significant sediment accumulation in the last
decades (Figs 6–8), consistent with conclusions from previous
studies that reclamation usually causes accumulation in estuar-
ies (van der Spek, 1997; Wang et al., 2002; Pye and Blott, 2014).
However, apparent erosion has occurred in the upper reach. This
can be attributed to the role of river discharge. The LRNP de-
creased the cross-sectional area in the upper reach, and corres-
pondingly the river discharge per unit width has been increased.

The seaward movement of the sand bar can also be explained
by the classic theory of the relative strength of river discharge to
tidal prism (Chien et al., 1964). Figure 10 shows both the tidal
prisms through the Ganpu Transect in 1977 and 2017 correlate
well with tidal range at the estuary mouth. The tidal prism

demonstrates clearly a decreasing trend. For example, under the

annually averaged tidal range of 3.21 m (Pan and Han, 2017), the
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Fig. 8.   Relationship between the bar apex location (a), bed elevation (b) and river discharge during the earlier, middle and later stages
of the LRNP. The lines denote the fitted functions.
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Fig. 9.   Time series of the volumes under local annually averaged low water level of the upper and lower reaches in April (a), and the
relationship of the volume of the upper reach with the river discharge between December and next April during the earlier, middle
and later stages of the LRNP (b).
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Fig. 10.     The relationships between tidal prisms at the Ganpu
Transect and the corresponding tidal ranges at the Luchaogang
gauging station.
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tidal prisms in the two years are 20.8×108 m3 to 33.4×108 m3, re-
spectively, indicating a decrease of 37.7%. Given the river dis-
charge have not shown trending change in the last decades (Fig. 3),
the decreased tidal prism has resulted in an increase of the relat-
ive strength of river discharge to tidal flow. As a result, the large
sand bar has shifted seaward accordingly.

Using several charts in the Hangzhou Bay, Xie et al. (2017b)
found the accumulation rate in the inner Hangzhou Bay has been
increased from 2.4 cm/a during 1959–2003 to 13.4 cm/a during
2010–2014, faster than the average accumulation rate of 1.5 cm/a
in the Hangzhou Bay during 1887–1987 (Xue, 1995). Because the
inner Hangzhou Bay can be seen as the tail of the large sand bar,
the accelerating accumulation of the sand bar tail is consistent
with the seaward movement of the large sand bar.

Besides the estuary planform, sediment supply is another
possible factor controlling the bar development. The Qiantang
River Estuary is one of the sinks of the Changjiang River sedi-
ment. In recent years, sediment load of the Changjiang River has
been decreasing sharply from more than 4.5×108 t/a to less than
1.5×108 t/a, especially since the construction of the Three Gorges
Dam in 2003 (Gao and Wang, 2008; Yang et al., 2011; Milliman
and Farnsworth, 2011; Dai and Liu, 2013). As a result, the accre-
tion rate of the mouth bars in the Changjiang River Estuary has
been slowed down and even changed to erosion (Yang et al.,
2011; Dai et al., 2016; Zhang et al., 2020). However, due to com-
pensation by the eroding muddy area of the outer Changjiang
River Estuary and Hangzhou Bay, the influence of the sediment
decrease from the Changjiang River Estuary on the sediment
supply to the Qiantang River Estuary is insignificant (Dai et al.,
2014; Xie et al., 2017b). It can be concluded that the morpholo-
gical adjustment of the large sand bar in the Qiantang River Estu-
ary in the last six decades is mainly related to the LRNP.

5.2  Timescales of the sand bar evolution
Based on the results from this study, three timescales of the

sand bar evolution can be distinguished. The first two timescales
are related to the seasonal and interannual variations of the river
discharge and the third is in the order of decades and related to
the LRNP. In the seasonal and interannual cycles, the alternation
of the high and low discharges causes extremely fast morpholo-
gical changes in the sand bar area (Figs 4 and 5). During high dis-
charge period, bed erosion and accumulation occur in the upper
and lower reaches, respectively, and vice versa during the low
discharge period. Meanwhile, the estuarine reach of the Qi-

antang River Estuary is characterized by the world-famous tidal
bore. The tidal bore generally moves at a speed of 20–30 km/h,
and the flow velocity can be up to 6 m/s (Pan et al., 2007; Pan and
Huang, 2010; Xie and Pan, 2013). The extremely strong currents
can induce strong sediment resuspension and transport (Han et
al., 2003; Pan and Huang, 2010; Fan et al., 2014). Usually the
strongest tidal bore occurs around Yanguan and gradually weak-
ens landwards. Under normal discharge condition, the cumulat-
ive sediment transport through the Yanguan Transect in a spring-
neap tidal cycle can be 20×106 t. The high sediment transport ca-
pacity of the bore promotes the rapid recovery of bed, which ex-
plained the fast morphological changes (Xie et al., 2018).

Although reclamations can be implemented concurrently, the
morphological responses of estuaries have often been observed
to be slow (Wang et al., 2015). Moreover, the timescale of estuar-
ine morphodynamics is related to the spatial scale of the estuary
geometry (De Vriend et al., 1993; Wang et al., 2002). The impact
of coastline change on the sand bar development is long-term.
With the gradual implementation of the LRNP, the large sand bar
shows a seaward movement trend. The timescale for the upper
reach to reach its new equilibrium state is relatively short, being
around 20 years (Figs 6 and 8). Currently the morphological ad-
justment in the lower reach still continues. A longer time is
needed to reach its new equilibrium state due to the larger width
and depth.

5.3  Practical implications
The Qiantang River Estuary is surrounded by one of the most

developed area of China. Morphological evolution of the large
sand bar has multifaceted social and economic implications. Sev-
eral studies have attempted to analyze the influences of the LRNP
on hydrographical characteristics of the estuary. High water
levels along the estuary have risen by 0.43–0.49 m due to the re-
flection of banks on the tidal wave, increasing the risks of flood
due to storm surge (Lu et al., 2008; You et al., 2010). The LRNP
can also decrease the influence of tidal flow and the intensity of
saltwater intrusion (Shi et al., 2015). Results in this study indicate
that profound morphological adjustments have occurred in the
last decades. The seaward movement of the large sand bar has
enlarged the volume in the upper reach (Fig. 8a) and sub-
sequently lowered the local low water level. For instance, the
monthly low water level at Zhakou in last six decades has shown
a lowering trend since the 1960s, in addition to the seasonal and
interannual fluctuations (Fig. 11a). The low water level correlates
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Fig. 11.   Time series of the monthly low water level at Zhakou (a), and relationship between monthly low water levels and the volume
over the Zhakou−Qibao reach (b).
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well with the volume of the Zhakou−Qibao reach (Fig. 11b). The
erosion in the upper reach can also lower the high water levels
during river flood events, relieving the increasing pressure of
flood defense caused by the LRNP to a certain extent.

The Qiantang Bore is an important tourist spot of China, at-
tracting numerous bore watchers from ancient times on. Besides
the funnel-shaped planform of the estuary which concentrates
the tidal energy, the large sand bar is another necessary condi-
tion for the bore formation (Han et al., 2003; Pan et al., 2007; Lin,
2008). In turn, with the seaward movement of the sand bar, the
tidal bore formation and propagation has been changed corres-
pondingly. In 1980s, the formation place of the Qiantang Bore is
about 12 km downstream of Caoe where the bore used to be un-
dular bore (Lin, 2008). In recent years, it has been frequently ob-
served that the bore height there can be up to 1 m. Other pos-
sible influences of the sand bar movement include those on salt-
water intrusion, formation of the maximum turbidity zone, etc.
Almost all of these aspects involving tidal dynamics in the estuar-
ine reach of the estuary depend to a large extent upon the large
sand bar evolution.

6  Conclusions
In this study, short-term and long-term morphological beha-

vior of the large sand bar in the Qiantang River Estuary has been
investigated, based on a big dataset of the bathymetry since the
1960s. The results show that three timescales, namely seasonal,
interannual and decadal timescales, can be distinguished for the
sand bar evolution. The first two are related to the variations of
river discharge and the third is related to the LRNP. During high
discharge seasons or years, erosion takes place at the upper reach
of the sand bar and sedimentation at the lower reach. The bar
apex shifts seaward consequently. The opposite development
takes place during low discharge seasons or years. Due to the im-
plementation of the LRNP, the upper reach has experienced ap-
parent erosion and currently a new morphological equilibrium
has been reached; whereas the lower reach has been accumu-
lated seriously and the accumulation still continues. The bar
apex location and elevation correlate with the river discharge, al-
though the correlations in different stages of the LRNP are differ-
ent. The bar apex has shifted seaward by about 12 km and its el-
evation has lowered by about 1 m since the 1960s. Both of the
front and adverse slopes of the sand bar have been decrease. The
seaward movement of the sand bar is caused by the increase of
the relative strength of river discharge to tidal prism. Due to the
overwhelming scale of the large sand bar, its movement has sig-
nificant feedback on the hydrographic conditions along the estuary.
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