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Abstract: Understanding tidal dynamics in estuaries is essential for tidal predictions and 13 

assessments of sediment transport and associated morphological changes. Most studies on 14 

river-tide interaction ignored the influences of morphological evolutions under natural conditions 15 

such as the seasonal and interannual variations of river discharge. This study analyzes the 16 

multiple-timescale tidal dynamics in the Qiantang Estuary, a macro-tidal estuary in China with an 17 

extremely active morphological evolution. A large dataset including water levels at representative 18 

stations, river discharges and bathymetries since 1980 has been collected. The results of the 19 

analysis show that within a spring-neap cycle, the tidal amplification in the upper estuary is 20 

stronger during spring tide than during neap tide. This unexpected behavior is due to the high 21 

sediment concentration and the unique longitudinal profile of the estuary. On the seasonal and 22 

interannual timescales, the low water levels in the upper estuary depend on the local bathymetrical 23 

conditions. Tidal ranges in the upper estuary are larger in the high flow season and years, than in 24 

the low flow season and years, due to the erosion at high flow, in contrast to estuaries with less 25 

active morphological changes. During low flow season and years, the bed is gradually recovered, 26 

the low waters are elevated, and the tidal ranges decrease accordingly. A good relationship exists 27 

between the tidal ranges and the depth of the upper estuary. In the lower estuary, the flood 28 

dominance increases continuously due to embankment. In the upper estuary, the flood dominance 29 

is increased during the high flow periods, explaining the fast sediment input and bed recovery in 30 

the post high flow periods. A conceptual model of river-tide-morphology interaction of the estuary 31 

is proposed, which is also applicable for other shallow systems.  32 

Key words: Tidal dynamics; River discharge; Tidal amplification; Morphological evolution; 33 

Qiantang Estuary.  34 
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1. Introduction 35 

Estuaries, transitional zones where a river meets the open sea, are worldwide surrounded 36 

by densely populated areas subject to fast economic development (Syvitski et al., 2009). 37 

Understanding tidal wave propagation and the corresponding spatial-temporal variations of 38 

the tide in estuaries is essential for tidal predictions and assessments of sediment transport and 39 

associated morphological changes. Water levels are probably the easiest data to measure in an 40 

estuary, and often the only oceanographic data available that extend back to time periods 41 

before the 20th century. They contain important information about the estuary and, therefore, 42 

implicitly provide a history of environmental change (Wang et al., 2019; Talke and Jay, 2019). 43 

From a coastal management point of view, they are of major practical significance for 44 

navigation, flood defense and provide information on salt intrusion and the estuarine 45 

ecosystem (Friedrichs and Aubrey, 1994; Kulkuka and Jay, 2003; Jay et al., 2011; Hoitink and 46 

Jay, 2016; Talke and Jay, 2019).     47 

Although many studies have evaluated tidal distortion in different estuaries (e.g., 48 

Dronkers, 1986; Friedrichs and Aubrey, 1988; Wang et al., 2002; Bolle et al., 2010; Toublanc 49 

et al., 2015), river-tide interactions, mostly based on analytical or numerical models, have 50 

only recently gained attention, including Changjiang (Yangtze) River estuary and Pearl River 51 

estuary in China (Guo et al., 2015, 2019; Cai et al., 2015, 2020). Water level dynamics within 52 

estuaries are subject to various external forcing factors, such as basin geometry (length, 53 

convergence in width and bathymetry), river discharge influenced by hydrological variations 54 

in catchment areas, and oceanic tides. Depending on the balance between bed friction, 55 

estuarine convergence and river discharge, the incoming tides experience amplification, 56 
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damping or remain constant in amplitude (Jay, 1991; Savenije, 2012). River discharge is 57 

rarely constant and can vary rapidly over a large range, which induces a highly nonstationary 58 

behavior of tides in estuaries, especially into the landward direction (Guo et al., 2015; Jay et 59 

al., 2011; Kukulka and Jay, 2003a, b). A higher river discharge dissipates tidal energy, slows 60 

down tidal wave propagation and reduces the tidal range by enhanced bed friction (Godin, 61 

1991; Cai et al., 2012; Zhang et al., 2015a). The river-tide interaction causes a higher mean 62 

water level during spring tide than during neap tide, explaining the fortnightly oscillations in 63 

mean water level (Matte et al., 2014). Most studies on river-tide interactions ignored the 64 

influences of morphological evolutions, because the bed level change over a short-term, e.g., 65 

spring-neap tidal cycle or seasonal timescale is limited with respect to the water depth. 66 

Long-term changes in bottom friction, morphology and river discharge can modify tidal 67 

amplification and tidal asymmetry. Many studies have examined the long-term changes of 68 

tidal properties influenced by human activities, such as sand mining, land reclamation, 69 

channel deepening, bridges and weirs (Wang et al., 2002; Bolle et al., 2010; Zhang et al., 70 

2010; Cai et al., 2012; Song et al., 2013; Winterwerp et al., 2013; Talke and Jay et al., 2019). 71 

However, few studies on river-tide interaction consider the influence of morphological 72 

evolution under natural conditions such as the seasonal and interannual variations of river 73 

discharge and tides, probably because in most estuaries the timescales of morphological 74 

evolution are much larger than those of the variations of hydrodynamic conditions.  75 

There are some estuaries in the world with active seasonal or interannual morphological 76 

evolutions (Cooper, 2002; Shaw and Mohrig, 2014; Shimozono et al., 2019; Choi et al., 2020). 77 

It is necessary to explore the influence of the fast morphological evolutions on the tidal 78 
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dynamics in such type of estuaries. The Qiantang Estuary, located at the East China Sea coast, 79 

is a typical example of the macro-tidal estuaries with active morphological evolutions (Fig. 1). 80 

The mean and maximum tidal ranges at Ganpu, the interface between the Qiantang Estuary 81 

and Hangzhou Bay, are 5.62 m and 9.0 m respectively (Han et al., 2003). The estuary is 82 

known for one of the strongest tidal bores worldwide. The swift tidal currents and river flood 83 

events result in substantial morphological changes on seasonal and interannual timescales. In 84 

several months, the local bed level changes can be more than 5 m (Chen et al., 1990; Han et 85 

al., 2003). In recent years, multiple studies have been carried out on tidal bore formation, 86 

propagation and turbulence properties (Pan et al., 2007; Pan and Huang, 2010; Tu and Fan, 87 

2017), associated sediment transport and sedimentary sequence (Fan et al., 2014; Lin et al., 88 

2005; Zhang et al., 2015b), based on field work and numerical modeling. The most 89 

remarkable morphological feature of the estuary is a large bar, a morphological bulge, 90 

elongating from the middle Hangzhou Bay landwards by 130 km (Fig. 1b). Several 91 

morphodynamic models have reproduced the formation of the large bar and its 92 

morphodynamic response to the large-scale embankment project since the 1960s (Yu et al., 93 

2012; Xie et al., 2017a; Hu et al., 2018; Huang and Xie, 2020; Xie et al., 2021). Xie et al. 94 

(2018) found that the morphodynamic equilibrium of the estuary is maintained by the 95 

combination of two extreme hydrological conditions: tidal bore and river flood events. So far, 96 

no study focused on the tidal dynamics in the estuary, particularly on the interaction with fast 97 

morphological evolutions, has been carried out. 98 

Based on the long-term bathymetrical data, together with data of water levels and river 99 

discharges, the present study investigates the tidal dynamics in the Qiantang Estuary. Specific 100 
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objectives are: (1) to delineate the morphological evolutions under seasonal and interannual 101 

river discharge variations; (2) to analyze spatial-temporal variations of water levels and tidal 102 

amplifications on spring-neap, seasonal, annual and decadal timescales; (3) to link the tidal 103 

dynamics and morphological evolutions. The findings of this study are also relevant for other 104 

tidal systems with fast morphological changes. 105 

 106 

2. Study area 107 

    With a total length of 386 km and a catchment area of about 60000 km2, the Qiantang 108 

River is the largest river in the Zhejiang Province, China. The river debouches into the 120 109 

km‐long Hangzhou Bay, which has a funnel shape with the widths decreasing from 98.5 km 110 

at the bay mouth to 18.5 km at the bay head (Fig. 1a).  111 
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112 

Fig. 1. (a) Location of Qiantang Estuary; (b) the lateral-averaged longitudinal bathymetries and 113 

the mean high and low tidal levels and tidal range along the estuary (after Xie et al., 2017a). The 114 

dots in panel b denote the locations of tidal stations of Zhakou, Yanguan and Ganpu. 115 

 116 

The Qiantang Estuary is usually divided into two reaches according to the hydrodynamic 117 

and morphological characteristics (Han et al., 2003). The riverine reach between Fuchun 118 

power station and the town of Zhakou is river-dominated with limited tidal influence. With 119 

the sediments mostly composed of gravel (2 - 30 mm) and coarse sand (0.05 - 0.5 mm), the 120 

morphology in the riverine reach is relatively stable (Han et al., 2003; Chen et al., 2006). The 121 

estuarine reach between the towns of Zhakou and Ganpu is controlled by the combination of 122 

river flow and tide, sedimented with silt and clay with a median grain size of predominantly 123 
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0.02 - 0.04 mm (Chen et al., 1990). This reach is dominated by the main part of the large 124 

longitudinal bar (Fig. 1b). The highest part of the bar is located between the towns of 125 

Cangqian and Qibao. It is more than 10 m higher than the estuary bottom at both the upstream 126 

and downstream sides of the bar. The Hangzhou Bay downstream of Ganpu, with an average 127 

depth of around 10 m, is dominated by tidal currents and the sediments are predominantly 128 

consisting of silt and clay (0.004 - 0.063 mm) (ECCHE, 1992). Tides from the East China Sea 129 

are dominated by the principal lunar semi-diurnal M2 constituent. At the Hangzhou Bay 130 

mouth the mean tidal range is 3.2 m, gradually increasing landward to 5.62 m at Ganpu due to 131 

the strong convergence of width in the bay.  132 

The current study, we focus on the estuarine reach of the Qiantang Estuary. According to 133 

the hydrographic and morphological characteristics, it can be divided into three sub-reaches. 134 

From Ganpu to Daquekou (DG reach) the width decreases from 18.5 to 5 km. Mean tidal 135 

range gradually decreases from 5.62 m to 3.28 m due to bed friction. It is located at the 136 

seaward slope of the large bar and the bed level rises from around -5 m at Ganpu to around -1 137 

m at Daquekou. As a result, the tidal wave is seriously distorted. From Daquekou to 138 

Laoyancang (LD reach) the width decreases from 5 km to 2 km. The distorted tidal wave at 139 

this sub-reach eventually evolves into the world-famous tidal bore, where the bore height can 140 

be 1 - 2 m during spring tides (Han et al., 2003; Pan et al., 2007). From Zhakou to 141 

Laoyancang (ZL reach) the width is 1 - 2 km. The bed elevation shows a landward decreasing 142 

trend from 1 - 2 m to around -2 m. The tidal bore is gradually weakened and disappears. Mean 143 

tidal range at Zhakou is 0.58 m. 144 
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 145 

 146 

Fig. 2. (a) Monthly averaged discharges (m3/s) and (b) annual sediment load - discharge rating 147 

curve of the Qiantang River. The data were collected from Zhejiang Hydrography Bureau, China. 148 

 149 

The mean discharge of the Qiantang River is 952 m3/s (Han et al., 2003). The monthly 150 

averaged discharges vary between 319 and 1705 m3/s (Fig. 2a). The runoff mainly occurs in 151 

the rainy season (between April and July), accounting for 55 - 60% of the annual runoff. 152 

During a river flood event, the discharge rises and falls sharply in several or more than 10 153 
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days, and the peak discharge can be more than 10000 m3/s (Han et al., 2003). The flood 154 

events substantially correlate with the Asian summer monsoon as well as the local climate and 155 

other regional factors such as geographical variation and local sources of aerosols (Tian et al., 156 

2012; Xia et al., 2016). Furthermore, it is characterized by the alternate wet and dry years on 157 

the interannual timescales, with the period around 20 years (Zeng et al., 2010). The sediment 158 

load from the Qiantang River correlates with the river discharge, varying between 1.4 × 106 - 159 

14.2 × 106 ton/a, with the mean being 5.7 × 106 ton/a (Fig. 2b). The sediment in the Qiantang 160 

Estuary is mainly from the Changjiang Estuary. The huge sediment load from the Changjiang 161 

River, used to be around 4.5 × 108 ton/a, is diffused southward and enters the Qiantang 162 

Estuary - Hangzhou Bay system under the influence of the secondary Changjiang plume, 163 

especially in winter when the northwesterly winds prevail and the waves are relatively strong 164 

(Su and Wang, 1989; ECCHE, 1992; Fan et al., 2017; Dai, 2021). 165 

 166 

3. Data and method 167 

This study is based on three sets of data: bathymetry, water level and river discharge. 168 

Bathymetry: Since the 1980s, the bathymetry in the estuarine reach has been measured 169 

uninterruptedly during the spring tide of every April, July and November by the Zhejiang 170 

Surveying Institute of Estuaries and Coasts (ZSIEC), representing bathymetries before (April) 171 

and after (July) the high flow season and after autumn (November), the season when the 172 

monthly maximum tidal ranges occur, respectively. The bed elevation along 60 cross-sections 173 

was observed using an Odom Hydrotrac echo-sounder. The error of the measured bed level is 174 

0.1 m. After each survey, the channel volumes below multi-year averaged high water levels 175 
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between cross-sections were calculated. The channel volumes of various sub-reaches and the 176 

cross-sectional averaged elevations are collected from ZSIEC. The bed elevation before 2000 177 

was with respect to the theoretically lowest astronomical tidal datum at Wusong, whereas the 178 

subsequent surveys were with respect to the Chinese National Vertical Datum of 1985. In this 179 

study the elevations are unified in accordance with the 1985 datum. 180 

Water level: High and low water levels of each tide (twice a day) at the Zhakou, Yanguan 181 

and Gaupu tidal gauging stations in the same period are collected from Zhejiang Hydrography 182 

Bureau (ZHB). The Zhakou and Ganpu stations are the landward and seaward boundaries of 183 

the estuarine reach of the Qiantang Estuary. Furthermore, the Ganpu station is the place where 184 

the maximum tidal range along the Qiantang Estuary – Hangzhou Bay system occurs (Fig. 185 

1b). The reach downstream from Ganpu is dominated by width convergence and the reach 186 

upstream from Ganpu is dominated by bed friction. The Yanguan station is in the middle of 187 

the estuarine reach. The distances from Yanguan to Zhakou and Ganpu are both about 50 km.  188 

River discharge: Daily river discharge from Fuchun power station in the same period is 189 

collected from ZHB as well. 190 

   Water levels in shallow channels are related to local geometry, such as width and depth. 191 

Morphological evolutions in the Qiantang Estuary are extremely active and significantly 192 

influence the water levels. To link the morphological evolution and river discharge variations, 193 

relationships between the channel volumes of the two landward sub-reaches, e.g., the ZL and 194 

LD reaches and the average river discharge of the four months before the bathymetrical 195 

surveys are analyzed. 196 

   For the tidal dynamics analysis, the tidal range is determined as the difference between the 197 
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high and low water levels. The mid-water level is the average of the high and low water levels. 198 

The tidal amplification factor is calculated as the ratio of the tidal ranges at Zhakou, at 199 

Yanguan to those at Ganpu. This approach of analysis is similar but not identical to the 200 

method of Munk and Cartwright (1966). Any changes in the tidal amplification factor provide 201 

information on changes of the physical conditions within the estuary (Wang et al., 2014, 2019; 202 

Jalón-Rojas et al., 2018). Especially, it can provide information of day-to-day changes. 203 

   For the seasonal and interannual tidal behavior analysis, we use the monthly averaged 204 

high and low water levels, tidal ranges and amplification factors. To clarify the controlling 205 

factors of water levels, the relationships between the tidal parameters at the upper stations and 206 

various external forces are established, such as the channel volumes of the sub-reaches and 207 

the tides at the seaward station Ganpu.  208 

As tidal waves move into coastal and estuarine waters, a different high water propagation 209 

speed than low water leads to tidal wave deformation (Dronkers, 1986; Friedrichs and Aubrey, 210 

1988). A shallow basin tends to cause flood dominance and a deeper basin tends to cause ebb 211 

dominance (Friedrichs and Aubrey, 1994). The tidal asymmetry is one of the factors 212 

generating residual sediment transport and is associated with morphological development. 213 

Tidal asymmetry is quantified using the method of Friedrichs and Madsen (1992): 214 

5

3

A b B
F

H B


                                (1) 215 

in which, A is the tidal amplitude, H refers to cross-section averaged channel depth, b is the 216 

total width (including tidal flats), and B is the width of the channel. If F>0, the time variations 217 

in channel depth are more important than time variations in channel width, leading to a 218 
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flood-dominant tide and a tendency for landward sediment transport; if F<0, the opposite 219 

holds, resulting in an ebb-dominant tide.  220 

 221 

4. Results 222 

4.1 Morphological evolutions 223 

The morphological evolution of the estuary and its relationship with river discharge are 224 

analyzed first, providing a basis for the tidal dynamics analysis. Fig. 3 illustrates time series 225 

of the average river discharge of the four months before each bathymetrical survey and the 226 

channel volumes of the three sub-reaches in the months of April, July and November from 227 

1980 to 2018. The annual averaged discharge varies between 370 m3/s and 1390 m3/s. Two 228 

periods of continuous dry years (1980 - 1988 and 2003 - 2009), and two periods of continuous 229 

wet years (1989 - 2002 and 2010 - 2018) can be roughly distinguished. In the dry years the 230 

Qiantang River basin experienced relatively light precipitation whereas in the wet years it 231 

received sufficient precipitation (Xia et al., 2016). The mean discharges of the four periods 232 

are 801, 1022, 630 and 1123 m3/s, respectively. The average discharges of the periods before 233 

the three bathymetrical surveys during 1980 - 2018 are 831, 1448 and 623 m3/s, respectively. 234 

The discharges in the high flow seasons are larger than the bed formation discharge of the 235 

Qiantang estuary, 1100 m3/s (Chen et al., 2006; Xie et al., 2017a), and can amount to about 236 

twice of those in the low flow seasons.  237 
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 238 

Fig. 3. (a) The average river discharge in the four months before the bathymetrical surveys in 239 

April, July and November, (b) the channel volumes below local annual highwater levels of the 240 

three sub-reaches of the estuary, (c) relationships of the channel volumes of the ZL and LD 241 

reaches and the average river discharge in the four months before bathymetric measurements.  242 

 243 

The channel volumes of the ZL reach in April, July and November vary between 1.38 × 244 

108 and 3.16 × 108 m3, 1.54 × 108 and 3.99 × 108 m3, 1.45 × 108 and 3.00 × 108 m3, 245 

respectively, with the average being 2.22 × 108 m3, 2.79 × 108 m3 and 2.28 × 108 m3, 246 

respectively (Fig. 3b). The channel volumes of the LD reach in April, July and November 247 

vary between 0.93 × 108 and 2.60 × 108 m3, 1.14 × 108 and 2.93 × 108 m3, 1.11 × 108 and 2.47 248 
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× 108 m3, respectively, with the average being 1.86 × 108 m3, 2.19 × 108 m3 and 1.72 × 108 m3, 249 

respectively. Averagely, the channel volumes of the two sub-reaches in July are 20 - 25% 250 

larger than in April and November. The channel volumes of both reaches correlate with the 251 

average discharge prior to the bathymetrical surveys (Fig. 3c). This is consistent with the 252 

findings of Xie et al. (2018) who found that channel volume upstream of Yanguan in July 253 

correlates well with the river discharge between April and July. The cross-sectional area and 254 

the cross-section averaged depth of estuaries are power functions of the river discharge 255 

(Smith, 1974; Han et al., 2009). Since the mean river discharges during last November to 256 

April and during July to November are comparable (Fig. 3a), overall, the channel volumes in 257 

both reaches are also comparable in April and November. The high discharge from April to 258 

July results in the largest channel volume in July. Furthermore, the channel volume - 259 

discharge correlation for the ZL reach is better than for the LD reach, indicating that the role 260 

of river discharge is more important in the upper reach. It should be noted that the channel 261 

volume in July is mainly related to bed erosion caused by high discharge, especially by river 262 

flood events, whereas in April and November the channel volume is related to accumulation 263 

after a high flow season, due to sediment input by tidal currents (Han et al., 2003; Xie et al., 264 

2018). Moreover, the volume in April and November also depends on the channel volume of 265 

last measurement. For example, the channel volume of the ZL reach in November 2010 is 266 

2.89 × 108 m3, much larger than the predicted value by the fitted curve in Fig. 3c, despite the 267 

average discharge between August and November of 2010 is only 538 m3/s. This is because 268 

the channel volume in July 2010 is large, being 3.48 × 108 m3.  269 

The average volumes of the ZL and LD reaches are 25% larger in the wet years than in 270 
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the dry years. For example, the averages volume of the ZL reach in the periods of 1980 - 1988, 271 

1989 - 2002, 2003 - 2009 and 2010 - 2018 are 2.33 × 108, 2.64 × 108, 1.96 × 108 and 2.65 × 272 

108 m3. Furthermore, extreme values of channel volumes can be observed. 1995 and 2004 are 273 

the rainiest and driest years in the last decades, respectively (Lin et al., 2012; Xia et al., 2016). 274 

As a result, extreme high and low annual river discharges occurred in the two years being 275 

1390 and 370 m3/s, respectively. Correspondingly, the sum volumes of the two reaches in the 276 

two years are largest and smallest, being 6.05 × 108 and 2.91 × 108 m3, respectively. 277 

The seasonal and interannual variations in the channel volume of the DG reach are 278 

opposite to the other two reaches. The average volumes of this reach in April, July and 279 

November since 1980 are 31.14 × 108, 30.37 × 108 and 31.55 × 108 m3, respectively. This is 280 

related to the sediment exchange between the three sub-reaches. During the high discharge 281 

periods, the sediment eroded from the ZL and LD reaches is transported seaward and 282 

accumulated at the DG reach, and vice versa during the low discharge periods (Chen et al., 283 

1990; Han et al., 2003; Xie et al., 2018). The most remarkable change in the DG reach is that 284 

the volume has been decreased continuously from 38.89 × 108 in 1980 to 22.24 × 108 m3 in 285 

2018. This is related to the large-scale embankment project gradually implemented in the 286 

Qiantang Estuary and Hangzhou Bay which has reduced the tidal prism of the estuary and 287 

enhanced the sediment input (Han et al., 2003; Xie et al., 2021). 288 

    Fig. 4 shows the magnitudes of the cross-section averaged bed level changes of the 289 

neighboring bathymetrical surveys since 1980. The changes in the ZL and LD reaches are 290 

relatively large, varying between -3 and 3.5 m; those in the DG reach vary between -2 and 2.5 291 

m. As previously reported (e.g., Chen et al., 1990; Xie et al., 2018), the local bed level 292 
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changes can be even larger than these cross-section averaged values.   293 

 294 

Fig. 4. The amplitudes of the cross-sectional bed level changes of the neighboring bathymetrical 295 

surveys since 1980. The solid line denotes the longitudinal profile of the estuary, and the error bars 296 

reflect the maximal bed erosion and accumulation. 297 

 298 

4.2 Temporal and spatial changes of tidal dynamics 299 

Fig. 5 illustrates an example of fortnightly water levels at Zhakou, Yanguan and Ganpu 300 

stations in October 2018. The monthly river discharge is 759 m3/s, and no river flood events, 301 

nor storm surge occurred. At the seaward station Ganpu, the high and low water levels vary 302 

between 3.69 m and 6.90 m and between 0.47 m and -1.33 m, respectively. Accordingly, the 303 

tidal range varies between 3.31 m and 8.06 m. At Yanguan, the highwater level varies 304 

between 4.09 m and 7.73 m, whereas the variation of the low water level is insignificant, 305 

fluctuating around 2.33 m with an amplitude of change less than 0.3 m. Accordingly, the tidal 306 

range varies between 3.31 m and 4.90 m (Fig. 5c). According to Talke and Jay (2019), within 307 

a tidal river, the lowest water levels occur during neap rather than spring tides, because a 308 

larger tide increases the friction felt by river flow, and the point where the lowest low waters 309 

begin to be during neap tides is the seaward boundary of the tidal river. Thus, the reach 310 

upstream from Yanguan can be defined as a tidal river. The tidal range at Yanguan correlates 311 
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positively with the tidal range at Ganpu, whereas the amplification factor fluctuates around 312 

0.6 and is not influenced by the tidal range at Ganpu except that it increases with the tidal 313 

range at Ganpu during the neap tides (Fig. 5b, d). The high and low water levels at the 314 

landward station Zhakou vary between 4.12 m and 8.36 m, and between 4.19 m and 5.84 m, 315 

respectively. Both highest high and lowest low levels appear in the spring tides. The tidal 316 

range varies between 0.04 m and 2.52 m and the amplification factor varies between 0.01 and 317 

0.32, both correlating positively with the tidal range at Ganpu (Fig. 5c, d). 318 

 319 

Fig. 5. Time series of water levels at Zhakou, Yanguan and Ganpu in October 2018 (a), and the 320 

corresponding amplification factors (b). The relationships between the tidal ranges (c) and the 321 

amplifications (d) at Zhakou and Yanguan and the tidal range at Ganpu. 322 

 323 

As morphology and river discharge also influence the tidal wave propagation, a longer - 324 

term comparison is made for different channel volume classes. The tidal ranges at the three 325 

stations in April, July and November since 1980 are chosen, matching the periods of the 326 

bathymetric data. River flood events can significantly influence water levels and morphology. 327 

To avoid this complication, for each channel volume class the tidal data during river flood 328 



19 
 

events are filtered out. Furthermore, the channel volume of the Zhakou - Yanguan reach is 329 

used since the channel volumes of the sub-reaches in the upper estuary show similar 330 

variations (Fig. 3). For the same channel volume class, the tidal ranges and the amplification 331 

factors correlate positively with the tidal range at Ganpu, except that the amplification at 332 

Yanguan fluctuates around a certain value if the tidal range at Ganpu is relatively large (Figs. 333 

6 and 7), consistent with the results of the fortnightly variations in Fig. 5. On the other hand, 334 

the larger the channel volume is, the larger the tidal ranges and amplifications in the upper 335 

estuary are. For example, under the tidal range at Ganpu of 8.0 m, the tidal range at Zhakou is 336 

2.55 m, 2.02 m, 1.71 m, 0.96 m, and the amplification is 0.32, 0.25, 0.21 and 0.12 for the 337 

various channel volume classes in decreasing order.  338 

339 

Fig. 6. Relationships between the tidal ranges of Zhakou and Yanguan and the tidal range at 340 

Ganpu in various channel volume classes of the Zhakou - Yanguan reach. The unit of channel 341 

volumes is 108 m3, the same below. 342 
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343 

Fig. 7. Relationships between the amplification factor at Zhakou and Yanguan and the tidal range 344 

at Ganpu in various channel volume classes of the Zhakou - Yanguan reach.  345 

 346 

Fig. 8 illustrates monthly average high, low and mid-water levels, tidal ranges at Zhakou, 347 

Yanguan and Ganpu and tidal amplifications at the former two stations. At Ganpu the 348 

variations of the monthly low level are limited, fluctuating around -0.60 m. The highwater 349 

level shows significant seasonal variations. Moreover, it shows an increasing trend, especially 350 

since 2007. The low level at Yanguan varies between 0.88 and 5.34 m, much more 351 

significantly than the low level at Ganpu. Most of the lowest low levels occur in July, 352 

corresponding to the maximum monthly river discharge which results in significant bed 353 

erosion. Furthermore, the low level is higher in the dry years than in the wet years. In the four 354 

periods of continuous dry and wet years, the mean low levels at Yanguan are 3.30, 2.26, 3.27 355 

and 3.02 m, respectively. The low water levels at Yanguan correlates with the channel volume 356 
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of the LD reach (Fig. 9), indicating that the low levels in the upper estuary depend on local 357 

bathymetries. The highwater level at Yanguan correlates with that of Ganpu whereas its 358 

relationship with the river discharge is insignificant (Fig. 9c, d). The low level at Zhakou 359 

varies between 4.33 and 6.97 m, showing the similar seasonal and interannual variations with 360 

that at Yanguan. The correlation between the low levels at Zhakou and the channel volume of 361 

the ZL reach is even better than at Yanguan (Fig. 9a). The highwater level at Zhakou depends 362 

on the variation of the river discharge whereas its relationship with the high level at Ganpu is 363 

insignificant.  364 

365 

Fig. 8. The monthly low and highwater levels (a, b), mid-water levels (c), tidal ranges (d) at the 366 

three stations and the corresponding amplifications (e). The shades denote the continuous wet 367 
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years. 368 

369 

Fig. 9. Relationships between the monthly low water levels at Zhakou (a) and Yanguan (b) and 370 

channel volumes of the ZL and LD reaches, respectively, and the monthly highwater levels at 371 

Zhakou and Yanguan and highwater level at Ganpu (c) and the monthly river discharge (d), 372 

respectively.  373 

 374 

The mid-water levels and tidal ranges at the Yanguan and Zhakou also show significant 375 

seasonal and interannual variations (Fig. 8c, d). The mean tidal range at Yanguan is 2.53 and 376 

3.42 m in the periods of continuous dry and wet years, respectively. Accordingly, the mean 377 

amplification factor is 0.45 and 0.58 in the periods of continuous dry and wet years, 378 

respectively. Similarly, the mean tidal range at Zhakou is 0.44 and 0.82 m in the periods of 379 
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continuous dry and wet years, respectively. Accordingly, the mean amplification factor is 0.18 380 

and 0.24 in the periods of continuous dry and wet years, respectively. Overall, the 381 

amplification factors at the two stations in the wet years are about 30% larger than in the dry 382 

years. Both tidal ranges and amplifications at Zhakou and Yanguan correlate positively with 383 

the local channel volumes (Fig. 10). 384 

385 

Fig. 10. Relationships between monthly tidal ranges and amplifications at Zhakou (a) and 386 

Yanguan (b) and the channel volume of the ZL and LD reaches, respectively. 387 

 388 

The metric of tidal asymmetry F at the three stations are positive, indicating that the tide 389 

in the estuary is flood dominant. At Ganpu F has increased from 0.47 to 0.87, with the most 390 

apparent increase occurring after 2007 (Fig. 11a), simultaneously with the increase of the 391 

highwater level. There exists good relationship between F and the local channel volume (Fig. 392 

11b). F at Yanguan varies between 0.62 and 1.61, with the average being 0.99, much larger 393 

than many other estuaries. For example, in the upper Pearl estuary in southern China, F is 394 

around 0.30 (Cao et al., 2020). The large F at Yanguan is related to the occurrence of the 395 

biggest tidal bore worldwide, which is an extreme case of tidal wave deformation. At Zhakou 396 

F varies between 0.06 and 0.25, with the average being 0.14. The tidal asymmetries at 397 

Yanguan and Zhakou show opposite relationship with the variations of river discharge. In the 398 
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low flow periods, F at Zhakou decreases while F at Yanguan increases, and vice versa in the 399 

high flow periods. In the high flow periods, the larger channel volume of the upper Qiantang 400 

Estuary results in an increase of tidal range at Zhakou and the landward penetration of the 401 

incoming tides. At Yanguan, the influence of the channel volume changes is relatively small.  402 

403 

Fig. 11. Metric of tidal asymmetry F at the three stations in April, July and November since 1980 404 

(a), and the relationships between F and the channel volumes (b). 405 

 406 

5 Discussion 407 

5.1 The river-tide-morphology interaction  408 

River-tide properties can vary in systems subject to strong fluctuations of river discharge. 409 

The effects of river flow on tidal dynamics are known, mostly based on analytical solutions or 410 

numerical models (Godin et al., 1991; Kukulka and Jay, 2003a, b; Jay et al., 2011; Sassi and 411 

Hoitink, 2013; Cai et al., 2015, 2020). There are basically four direct influences of high river 412 

discharge: (1) increased ebb currents, favoring the growth of overtides and causing tidal 413 

damping; (2) increased water levels and water depths, which means lowering the bed 414 

resistance; (3) changed hydraulic drag via changing of suspended sediment concentrations; (4) 415 

bed level change. Until recently, the impacts of river discharge on tidal decay and deformation 416 

were investigated using time series of real observations (Wang et al., 2014, 2019; Jalón-Rojas 417 
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et al., 2018). Concerning tidal range and amplification, a higher river discharge corresponds 418 

to a smaller tidal range and thus weaker amplification in the upper estuary. For example, the 419 

tidal range in the upper Yangtze can be 1.7 to 7.5 times higher during dry periods than during 420 

wet periods (Guo et al., 2015). Similar relations were found in the upper Scheldt Estuary and 421 

the Gironde Estuary (Wang et al., 2019; Jalón-Rojas et al., 2018). Because seasonal or 422 

interannual morphological evolutions in most estuaries are insignificant unless the natural 423 

systems are strongly disturbed by human activities, few have considered the role of natural 424 

morphological evolutions on the tides. In fact, the erosion / accumulation rate of the Qiantang 425 

Estuary is at least an order of magnitude greater than those documented from other 426 

tide-dominated estuaries, where the evolution cycle takes place over decades (Wang et al., 427 

2002; Dalrymple and Choi, 2007; van der Wal et al., 2002; Wang et al., 2019; Luan et al., 428 

2016; Jalón-Rojas et al., 2018; Cao et al., 2020). It is necessary to consider the role of 429 

morphological evolution on the tidal dynamics in the Qiantang Estuary. 430 

In the Qiantang Estuary, the effects of river discharge in different reaches can be 431 

different. The highwater level at Zhakou can be elevated by the high river discharge, but the 432 

highwater level at Yanguan depends predominantly on the highwater level of the incoming 433 

tides (Fig. 8, 9). At the upper reach, the high discharge induces significant bed erosion and 434 

subsequently a larger channel volume. Correspondingly the low water levels at Zhakou and 435 

Yanguan are lowered. The eroded sediments are transported seaward and accumulated at the 436 

lower reach during a high discharge period. Thus, the low water levels at the two upstream 437 

stations correlate with the local channel volumes (Fig. 9a, b), but their relationship with the 438 

river discharge is insignificant. The high and low water levels at Ganpu are hardly influenced 439 
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by river discharge because of the larger width and depth (Fig. 8). The damping effect of high 440 

river discharge on the tidal ranges at Zhakou and Yanguan is insignificant, probably because 441 

the bed erosion by a high river discharge is fast. Bed erosion occurs basically synchronously 442 

with river flood events. Meanwhile, the periods of river flood events of the Qiantang River 443 

usually last several days to half month (Han et al., 2003; Xie et al., 2018). The damping effect 444 

of high discharge on the tidal range was smoothed because we focused on the monthly 445 

averaged data. The effect of tidal amplification induced by the high discharge is larger at the 446 

upstream station than at the downstream station. The average tidal ranges at Zhakou and 447 

Yanguan in the periods of continuous wet years are 1.86 and 1.35 times those in the periods of 448 

continuous dry years, respectively (Fig. 8c). 449 

The low discharge during dry season or years exerts different effects from the high 450 

discharge on the tidal dynamics. Under low discharge condition, sediment accumulation 451 

occurs in the upper estuary because of the sediment input by tides, especially by the tidal bore 452 

(Xie et al., 2018). Results in this study showed that the increased channel volumes upstream 453 

Daquekou by the high river flow amplify the tide and enhance the flood dominance (Fig. 11), 454 

favoring the sediment input after the high discharge period. A positive relationship exists 455 

between the sediment accumulation from July to November and the sum volume of the ZL 456 

and LD reaches in July (Fig. 12). Larger channel volumes in the two reaches mean a faster 457 

sediment accumulation in the post high-discharge periods. With sediment accumulation in the 458 

upper estuary, the low water levels increased accordingly, and the tidal amplification and 459 

flood dominance decreased gradually. Subsequently, sediment input decreases gradually. Thus, 460 
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a dynamic morphodynamic equilibrium can be maintained. A conceptual model of the 461 

river-tide-morphology interaction of the estuary is summarized in Fig. 13. 462 

 463 

Fig. 12. The relationship between the sediment accumulation from July to November and the sum 464 

volume in July in the ZL and LD reaches. 465 
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 466 

Fig. 13. A conceptual model of the river-tide-morphology interaction in the estuary. 467 

The influences of human-induced morphological changes on tides have been evaluated in 468 

many estuaries. For example, mainly due to continuous channel deepening, the Ems Estuary 469 

experienced a tidal range increase of 125% at the mouth between 1950 (1.6 m) and 2010 (3.6 470 

m), and a transition of suspended sediment concentration from low (~1 kg/m3) to high (>10 471 

kg/m3) (van Maren et al., 2015; Winterwerp and Wang, 2013; Dijkstra et al., 2019). The tidal 472 

ranges of the upper region of the Pearl Estuary increased from 0.35 m in 1990 to 0.53 m in 473 

2005 due to the uncontrolled sand mining, enhancing the tidal dynamics (Zhang et al., 2010), 474 

but reducing the flood-dominant tidal asymmetry (Cao et al., 2020; Zhang et al., 2018). The 475 
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role of bed erosion by high river flow in the Qiantang Estuary is similar to the effect of 476 

dredging and sand mining. However, the natural erosion of the Qiantang Estuary can be 477 

gradually recovered in several months or years because of the ample sediment supply and the 478 

strong tidal currents after the flood events. Human activities also exert influences on the 479 

morphology of the Qiantang Estuary. Since the 1960s a large-scale embankment project has 480 

been implemented seaward progressively, aiming at improving flood protection and 481 

navigation (Han et al., 2003). Upstream Daquekou the embankment was basically finished 482 

before the 1970s and the morphdynamic system has reached a new dynamic equilibrium (Han 483 

et al., 2003; Xie et al., 2017b). The channel volumes in the ZL and LD reaches mainly depend 484 

on the variations of the river discharge. The embankment in the DG reach was finished in the 485 

2010s. The embankment decreases the tidal prism, enhances sediment accumulation and 486 

hence the channel volume in this reach decrease continuously (Fig. 3b). The morphological 487 

response still continues at present. The influence of the morphological evolution on the low 488 

water level at Ganpu is insignificant. The highwater level has increased due to the enhanced 489 

reflection of tidal wave by seawall (Han et al., 2003; Xie et al., 2017b; Zeng et al., 2017; Pan 490 

et al., 2019). As a result, the tidal range at Ganpu has increased by about 0.5 m (Fig. 8). 491 

 492 

5.2 Reasons for the ‘abnormal’ tidal amplification variations 493 

Usually, a larger tidal range in an estuary induces larger bed friction. Hence tidal 494 

amplification at the upstream station correlates negatively with the tidal range at the 495 

downstream station (Jalón-Rojas et al., 2018; Wang et al., 2019). In the Qiantang Estuary, 496 

tidal amplifications at both Zhakou and Yanguan correlate positively with the tidal range at 497 
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Ganpu. This ‘abnormal’ tidal behavior is probably related to the unique hydrographic and 498 

morphological characteristics of the estuary. The Yanguan reach is the place where the biggest 499 

tidal bore in the world occurs, and current velocity can be as high as 6 m/s and strong 500 

turbulence occurs. As a result, the suspended sediment concentration (SSC) during spring and 501 

intermediate tides are large, with the maximal SSC more than 15 kg/m3 (Pan and Huang, 2010; 502 

Tu and Fan, 2017). A high SSC can decrease the effective hydraulic drag (Winterwerp et al., 503 

2013; Wang et al., 2014). Furthermore, the larger the SSC, the more kinetic energy is 504 

extracted from the water to be translated into potential energy, in order to maintain the high 505 

SSC (Burchard and Schuttelaars, 2012; Li et al., 2018). Therefore, during spring and 506 

intermediate tides, the increase of tidal amplification at Yanguan with the tidal range at Ganpu 507 

is insignificant (Fig. 3b and Fig. 4).  508 

At Zhakou, the tidal bore is weak. Only undular bore can be observed during spring tides 509 

and no bore is formed during neap tides (Pan et al., 2007). Recent field work showed that the 510 

maximal SSC in the upper estuary is 0.81, 3.7 and 0.95 kg/m3 in April, July and November of 511 

2018, respectively (Fig. 14). In other words, the upper estuary is characterized by low 512 

turbidity, comparable with other shallow systems. Therefore, the positive correlation between 513 

the amplification at Zhakou and the tidal range at Ganpu cannot be explained by the SSC 514 

effects. Instead, the abnormal amplification is probably related to the development of the 515 

large longitudinal bar (Fig. 1b) and the variation of the water depth with the tidal range. The 516 

bed elevation lowers landwards from 1 - 2 m at the bar apex at Qibao to around -2 m at 517 

Zhakou. Under the annually average low water levels, the water depth appears smallest at 518 

Yanguan, being 2.60 and increases landwards, being 7.89 m at Zhakou. The landward 519 
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increasing water depth in the Qiantang Estuary contrasts with the generally landward 520 

decreasing trend in water depth (Cai et al., 2012; Hoitink and Jay, 2016; Wang et al., 2014; 521 

Hoitink et al., 2017; Wang et al., 2019; Talke and Jay, 2019), and due to the development of 522 

the large longitudinal bar (Fig. 1b), friction effects decrease with the water depth. Meanwhile, 523 

the landward increase of water depth also reduces the hydraulic drag (Godin et al., 1991; Jay 524 

et al., 2011; Wang et al., 2019). 525 

 526 

Fig. 14. The relationships between the maximal depth-averaged SSC at Qibao and tidal range at 527 

Zhakou in April, July and November of 2018 (modified from Xie et al., 2020). 528 

 529 

Talke and Jay (2019) identified two types of systems that are particularly prone to tidal 530 

amplification: (a) shallow, strongly damped systems, in which a small increase in depth 531 

produces a large decrease in effective friction, and (b) systems in which wave reflection and 532 

resonance are strongly influenced by changes to depth, friction, and convergence. Apparently, 533 

the Qiantang Estuary belongs to the former. During a short-term cycle with a normal 534 

hydrograph, e.g., the spring-neap cycle, the morphological evolution is limited, but the water 535 

depth increases with increasing tidal range because stronger tidal flow causes more resistance 536 
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to the river flow. The amplifications at Yanguan and Zhakou are determined by two different 537 

physical mechanisms. At Yanguan the high SSC effect is more important, whereas at Zhakou 538 

the effect of the variation of water depth in the upper estuary is dominant.  539 

 On the longer timescale, the morphological evolutions play an important role on the 540 

amplification, especially due to the shallow depth. With the morphological evolutions in the 541 

upper reach, the magnitudes of the monthly mean amplification factors at Zhakou and 542 

Yanguan are 0.01 - 0.30 and 0.16 - 0.84, respectively. The bed level changes induced by the 543 

variation of river flow induce the changes of water levels and amplification of the tidal ranges 544 

(Fig. 8-10). Furthermore, the monthly water depths under mid-water levels in the upper 545 

estuary correlate well with local bed elevations (Fig. 15). The increasing water depths with 546 

the bed erosion by high flow reduce the hydraulic drag and favor the amplifications.  547 

 548 

Fig. 15. Relationships between the cross-sectional water depths under the mid-water levels (a) and 549 

the monthly mid-water levels (b) at Zhakou and Yanguan and their bed elevations.  550 
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  551 

5.3 Implications 552 

In this study, we have evaluated the evolutions of vertical tides in the Qiantang Estuary. In 553 

fact, the sediment transport and morphological evolution are mainly governed by horizontal 554 

tides. However, the asymmetry of the vertical tide can be a good indicator of the asymmetry 555 

of the horizontal tide (Wang et al., 2002; Zhou et al., 2018). As shown in Fig. 13, the SSC in 556 

the upper estuary correlates well with the tidal range. Over the post high-flow periods, the 557 

larger tidal range and tidal storage have contributed to an intensification of tidal pumping and 558 

an increase of the SSC. Given that SSC decrease gradually upstream from Yanguan (Han et 559 

al., 2003), it can be understood that the estuarine turbidity maximum shifts landwards. In turn, 560 

during the low flow seasons or years, the tidal range and horizontal velocities decrease, and 561 

the turbidity maximum shifts seawards. The cyclic seasonal and interannual transition of the 562 

hydro-sedimentary conditions has profound consequences for the estuary, as high SSC is 563 

associated with a strong reduction in oxygen levels (Uncles et al., 1998; Talke et al., 2009) 564 

and primary production (Cloern, 1987; Kukulka and Jay, 2003a, b; Gao and Wang, 2008).  565 

The present study has its methodological implications. Studies in recent years based on 566 

analytical and numerical models (e.g., Kukulka and Jay, 2003a, b; Cai et al., 2012, 2015) or 567 

on nonstationary harmonic methods (Guo et al., 2015, 2019; Cao et al., 2020) have largely 568 

improved our understanding on the river-tide interaction. However, none of these studies 569 

takes the joint effects of variations of river flow and morphology into account. Findings from 570 

this study reveal that the tidal dynamics are sensitive to the seasonal and interannual 571 

morphological changes in the Qiantang Estuary. At smaller timescales (e.g., spring-neap cycle) 572 
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the variation of SSC has significant influence on the tidal dynamics. This implies that 573 

river-tidal dynamic models for this estuary must include sediment dynamics and 574 

morphodynamics.  575 

 576 

6 Conclusions 577 

Based on long-term datasets of water levels at representative tidal gauging stations, river 578 

discharge and bathymetrical data in the estuary, the temporal-spatial variations and controls of 579 

the water levels were analyzed. The findings are summarized below. 580 

(1)  Within a spring-neap tidal cycle, tidal amplification in the upper estuary correlates 581 

positively with the tidal range at the mouth, due to the high sediment concentration at the 582 

middle reach and the variation of water depth in the upper reach. 583 

(2)  On the seasonal and interannual timescales, the direct influence of river discharge on the 584 

tidal dynamics in the estuary is insignificant and restricted to elevating the highwater 585 

level in the upper estuary. On the other hand, the variation of river discharge plays an 586 

important indirect role on the tidal dynamics by triggering active morphological 587 

evolutions.  588 

(3)  At the upper estuary, the tidal range and the amplification factor during high flow season 589 

or years can be more than double of those during the low flow season or years. During the 590 

low flow periods, the bed is gradually recovered, and the tidal range and amplification 591 

decrease. The flood dominance increases and decreases in the high and low flow periods, 592 

respectively. In the lower estuary, the flood dominance increases continuously, due to the 593 

morphological response to the large-scale embankment project.  594 
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(4)  A conceptual model of river-tide-morphology interaction under natural conditions is 595 

proposed for estuaries with fast morphological evolutions. 596 
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