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Despite the increasing number of studies on the river-tide interactions in estuaries, less attention has been paid to the role of seasonal morphological changes on tidal regime. This study analyzes the seasonal interplay of river and tide in the Qiantang Estuary, China, particularly focusing on the influences of the active morphological evolution induced by the seasonal variation of river discharge. The study is based on the high and low water levels at three representative stations along the estuary and daily river discharge through 2015, an intermediate flow year in which a typical river flood occurred, as well as the bathymetric data measured in April, July and November, 2015. The results show strong seasonal variations of the water level in addition to the spring-neap variation. These variations are obviously due to the interaction between river discharge and tide but can only be fully explained by including the effect of morphological changes. Two types of the influences of the variation of the river discharge on the tidal dynamics in the estuary can be distinguished: one is immediately induced by the high flow and the other continues for a much longer period because of the bed erosion and the following bed recovery. Tidal range in the upper reach can be doubled after the flood because of bed erosion and then decrease under normal discharge periods due to sediment accumulation. Over a relatively short term such as a month or a spring-neap tidal cycle, there exist good relationships between the tidal range, tidal amplification in the upper reach and the tidal range at the mouth, and between the hydraulic head over the upper and lower reaches. Such relationships are unclear if all data over the whole year are considered together, mainly because of the active morphological evolution.
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INTRODUCTION
An estuary is the transition zone between river environment and the open marine shelf. It represents one of the most profound spatial changes in hydrological and morphological conditions (Dyer, 1997; Dalrymple and Choi, 2007). They favor sectors such as fishery, aquaculture, port and navigation and tourism, often hosting major cities and densely populated areas of great economic importance. Estuaries are also among the most productive ecosystems in the world, with important ecological functions like breeding fish or feeding areas for migratory birds (Kukulka and Jay, 2003; Gao and Wang, 2008). Tidal dynamics is one of the main physical forces for the transport and diffusion processes of sediment, nutrients, pollutions, salinity etc., in estuaries. In the viewpoint of coastal management, the knowledge of tidal dynamics in an estuary is of major practical significance for navigation, aquatic environment, use of water resources, estuarine ecosystem as well as the planning and design of coastal structures (Jay et al., 2011; Savenije, 2012; Talke and Jay, 2020).
Tidal regimes in estuaries are mainly controlled by the geometry of the estuary (planform and bathymetry), tides from the open sea, river discharge. Changes of tides in estuaries has been ubiquitous worldwide over the past century, in response to natural changes such as sea level rise as well as various human activities (e.g., Pye and Blott, 2014; Du et al., 2018; Talke and Jay, 2020). Studies on the long-term evolution of tides has examined apparent increases in tidal ranges in many estuaries, because human modifications of the estuarine system such as land reclamation, sand extraction, channel dredging, etc., increase the mean depth and reduce hydraulic drag (Wang et al., 2002; Winterwerp et al., 2013; Familkhalili and Talke, 2016; Cai et al., 2018; Ralston et al., 2019). Meanwhile, the seasonal and interannual variations of river discharge also have a significant effect on tidal dynamics in estuaries, particularly in the landward direction where smaller channel cross-sections and tidal prisms prevail (Perillo, 1995; Talke and Jay, 2020). Higher river discharge generates higher water levels, enhances the ebb currents, damps incoming tidal waves, delay wave propagation and alter energy distribution through enhanced friction (e.g., Jay, 1991; Godin, 1999; Sassi and Hoitink, 2013; Zhang et al., 2016). Study in the North Channel of the Changjiang Estuary showed extreme river floods have significant influences on the morphological evolution in the estuary. After a river flood, the estuarine morphology returns to its original state by self-adjusting over decadal timescales (Mei et al., 2018). However, less studies have focused on the influence of seasonal morphological change induced by the natural change such as the variations of river discharge on the tidal dynamics in estuaries, probably because in most estuaries the bed level changes on the seasonal timescale is limited compared with the water depth. There are some estuaries in the world are characterized by active morphological evolutions in the seasonal timescale due to cyclic transition of high and low river discharge (Reddering and Esterhuysen, 1989; Cooper, 2002; Choi et al., 2020). It is necessary to explore the tidal dynamics in an estuary with active morphological changes, especially at the upper reach where the role of river discharge is more significant. The Qiantang Estuary is one of the largest macro-tidal estuaries on the East China Sea coast. It is one of the most morphologically active estuaries worldwide. Local bed level change in several months can be more than 5 m (Chen et al., 1990; Xie et al., 2018). It is also famous for the largest tidal bore worldwide (Bartsch-Winkler and Lynch, 1988; Chanson, 2012). The estuary has been the subject of a number of studies focusing on the provenance of the estuary (Chen et al., 1990; Zhang et al., 2014, 2015), hydrodynamics and sediment transport (Pan and Huang, 2010; Xie and Pan, 2013; Fan et al., 2014, 2016; Tu et al., 2021), the long-term morphodynamic evolutions as well as the morphological responses to human activities (Dai et al., 2014; Liu et al., 2017; Xie et al., 2017a, Xie et al., 2018, Xie et al., 2021a.). Mainly based on the bathymetric and monthly-averaged tidal data in each april, July and November since the 1980s, Xie et al. (2021b) recently found that the interannual natural morphological evolution of the estuary plays an important role on the tidal behaviors. It would be valuable to make a closer analysis of the tidal evolutions due to the seasonal morphological evolution, especially under the influence of episodic river floods which basically occur in every year (Han et al., 2003).
The objective of this study is to explore the seasonal variation of tidal behavior in the Qiantang Estuary, a macro-tidal estuary with active morphological evolution. Specifically, we attempt to delineate the seasonal tidal evolution along the estuary based on measurements in a typical hydrologic year; and to improve our understanding of the role of river discharge and associated morphological changes on tidal regime in estuaries.
STUDY AREA
The Qiantang Estuary is located on the coast of East China Sea, connecting the Hangzhou City to the Hangzhou Bay (Figure 1). The Qiantang Estuary - Hangzhou Bay system has a funnel shape with landward decrease in width as well as water depth. The Hangzhou Bay mouth is about 100 km wide with an average depth of about 10 m. At Ganpu, the interface between the Qiantang Estuary and Hangzhou Bay, the width is 18 km with an average depth of 5 m. The width is reduced further landward to approximately 2.5 km at Yanguan and about 1 km at Zakou. A large bar is present in the estuary. The cross-sectionally averaged bed level rises gradually landward from -5 m at (with respect to the Chinese National Vertical Datum of 1985) at Ganpu to above 0 m at Qibao-Cangqian reach, and then falls down to -2 m at Zakou (Figure 1B). Sediment in the Qiantang Estuary is mainly composed of well-sorted silt and clay, with the median grain size between 20 and 40 μm, which is mainly from the adjacent Changjiang Estuary (Chen et al., 1990; Xie et al., 2009; Fan et al., 2014; Zhang et al., 2015; Fan et al., 2016; Liu et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Location of the Qiantang Estuary, (B) the lateral-averaged longitudinal profile along the estuary and (C) bathymetry of the Qiantang estuary in april 2015. Panels b and c are after Xie et al. (2017b) and Xie et al. (2018), respectively. The dashed line in panels (A) and (B) denote the Qiantang Estuary.
The mean tidal range at the Hangzhou Bay mouth is 3.2 m. It is significantly amplified landward by the convergent planform of the estuary. The mean tidal range is around 6.0 m at Ganpu. The tidal waves are seriously deformed upstream (Figure 2) and develop into the world’s largest tidal bore, the Qiantang bore (Pan et al., 2007). Tidal ranges decrease upstream Ganpu due to bed friction. At Zakou the mean tidal range is about 0.5 m. The annually averaged river discharge of the Qiantang River is 952 m3/s. The monthly averaged discharges vary between 319 m3/s and 1705 m3/s (Xie et al., 2017b). Within a year, the low river discharge occurs from August to next March and the high river discharge occurs from April to July. Up to 60% of the annual runoff occurs from april to July (Han et al., 2003; Xie et al., 2017b). Two factors control the occurrence of high river discharge: monsoon climate and typhoon events (Han et al., 2003). During a river flood, the discharge rises and falls sharply in several or more than 10 days, and the peak discharge can be more than 10000 m3/s.
[image: Figure 2]FIGURE 2 | Multi-year averaged high and low water levels and tidal range along the estuary (A), and an example of the time series of water levels at the Zakou, Yanguan and Ganpu stations during spring tide in September 2015 (B).
Data and Methods
In this study three types of field data have been collected. The high and low water levels at Ganpu, Yanguan and Zakou tidal gauging stations in 2015 and the daily river discharge from Fuchun power station (FPS) in the same period are collected from Zhejiang Hydrographic Office, and the bathymetrical data in April, July and November, 2015 are collected from Zhejiang Surveying Institute of Estuary and Coast. The three tidal stations are located at the seaward end, the middle and the landward end of the estuary, respectively. The average discharge in 2015 is 943 m3/s, comparable with the long-term average. The river discharge fluctuated around 600 m3/s in most time of the year. During 5–27 June a river flood occurred with the peak discharge being 12600 m3/s (Figure 3A). The bathymetry was surveyed using an Odom Hydrotrac echo-sounder that gives the vertical error of less than 0.1 m, and a global positioning system (GPS) by Trimble that gives the positioning error within 1 m.
[image: Figure 3]FIGURE 3 | Time series of daily river discharge in 2015 (A) and the cross-sectional bed level along the estuary in april, July and November of 2015 (B). The dashed lines in panel (A) denote the bathymetric survey periods. Panels a is after Xie et al. (2018).
The tidal range per lunar day is calculated as the difference between high and low water levels (both calculated as the average of two consecutive values). Tidal amplification factor is calculated following Wang et al. (2019):
[image: image]
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where F is the amplification factor, A is tidal range, and the subscripts denote the tidal stations. This way of analysis has some similarity with the admittance method (Munk and Cartwright, 1966). Instead of using the astronomical potential in the admittance method, the measured tide at the mouth of the estuary is used as reference. Any change in time of this parameter is an indication for changes in the physical conditions in the estuary. It favors identifying any sudden changes as it provides tide to tide variations.
Moreover, the hydraulic heads over the upper (Zakou - Yanguan) and lower (Yanguan - Ganpu) reaches are determined as the differences between the mid-tides at the upstream and downstream stations. The mid-tide is an average of high and low water levels. The direct cause of the hydraulic head is the river discharge. This parameter can provide another indication of the physical condition of the estuary.
RESULTS
Morphological Evolution
As water levels in the Qiantang Estuary are strongly influenced by the bed level changes, it is necessary to analyze firstly the bathymetrical changes. The morphological evolutions in 2015 have been reported by Xie et al. (2018). They found that the dynamic equilibrium in the estuary is controlled by two extreme hydrographic conditions: tidal bore and river floods. Xie et al (2021b) found since the 1980s the tidal ranges at Zakou and Yanguan correlate well with the channel volume of the Zakou-Laoyancang (ZL) and Laoyancang-Daquekou (LD) reaches. For reasons of clarity, the following paragraphs present a short reanalysis of the morphological evolutions and provide a basis for the analysis of tidal dynamics.
Between april and July of 2015, both of the ZL and LD reaches underwent erosion (Figures 3B, 4).The cross-section averaged bed level of the two reaches lowering about 0.81 and 0.06 m, respectively. Accordingly the channel volumes below the local high water level over the two reaches enlarged from 224 × 106 and 203 × 106 m3 in april to 333 × 106 and 241 × 106 m3 in July, respectively, indicating increases of 109 × 106 m3 and 38 × 106 m3. The erosion of the ZL reach was more significant that the LD reach. Apparently, the erosion was caused by the river flood in June, because the discharge prior to the river flood was smaller than the bed formation discharge of the estuary, 1,100 m3/s (Chen et al., 2006; Xie et al., 2017b). The eroded sediment was transported and accumulated seawards, resulting in a bed aggradation of about 0.04 m at the Daquekou-Ganpu (DG) reach. The channel volume below the local high water level over the DG reach decreased from 2,633 × 106 in April to 2,542 × 106 m3 in July, indicating a decrease of 91 × 106 m3.
[image: Figure 4]FIGURE 4 | Bed erosion and accretion patterns from april to July (A) and from July to November (B) in 2015 (after Xie et al., 2018).
The bed level change between July and November was opposite. Sediment accumulation and erosion occurred in the ZL reach and DG reach, respectively, because the tides, especially the tidal bore, can transport a large amount of sediment from the lower reach landward (Chen et al., 1990; Han et al., 2003; Xie et al., 2018). The channel volume over the ZL reach was 280 × 106 m3 in November, indicating a decrease of 53 × 106 m3 from July to November; whereas the channel volume over the DG reach was 2,565 × 106 m3 in November, increased by 24 × 106 m3 in the same period. The channel volume change over the LD reach was insignificant, being 247 × 106 m3, only 6 × 106 m3 larger than that in July.
Water Levels and Tidal Ranges
Water levels and tidal ranges at the three stations are characterized by spring-neap tidal cycles (Figure 5). The monthly lowest low level and highest high level at Ganpu varied between −1.58 m and −0.62 m and between 5.52 m and 7.07 m, respectively. The tidal range at this station was relatively small during the first 2 months of the year, less than 6.5 m during spring tides. It increased in the following months and reached the maximum in September with the maximum during spring tides being 7.89 m. Then it decreased in the last months, with the maximum being 6.63 m during December. This is related to the seasonal variation of the incoming tide from the Hangzhou Bay mouth (Editorial Committee for Chinese Harbors and Embayment (ECCHE), 1992). At Yanguan the monthly highest high level varied between 6.13 and 7.98 m, but low water level shows less difference between spring and neap tides fluctuating between 1.46 and 2.63 m, except during the river flood when it was 3.65 m. The tidal range varied between 2.62 and 5.18 m. At Zakou a remarkable characteristic is that the low water level during spring tides was higher than during neap tides. For example, from January to May, the monthly lowest low water level during spring and neap tides were 5.02–5.79 m and 4.18–5.17 m, with the former about 0.7 m higher than the latter. This is because the volume of freshwater retained in the inner reach during spring tides is larger, thus raising the mean water level (Godin, 1999). The tidal range at Zakou varied between 0.04 and 1.40 m.
[image: Figure 5]FIGURE 5 | Time series of water levels (A) and tidal ranges (B) at Zakou, Yanguan and Ganpu in 2015.
During the river flood, the water levels at Zakou and Yanguan increased to 2.1 and 0.7 m above the normal high water levels of spring tides, respectively (Figure 5A). Tidal range at Yanguan was apparently decreased, indicating the incoming tide was constrained by the high river discharge (Figure 5B). However, the decrease of tidal range at Zakou during the river flood was unobvious. Immediately after the river flood, the low water level at Zakou decreased by about 0.5 m. As a result, the tidal range at Zakou increased significantly. Whereas the tidal range at Yanguan is immediately recovered to that before the river flood. Overall, the influence of river flood on the water levels at Ganpu was insignificant.
Figure 6 shows the monthly averaged high and low water levels at the three stations. The high water level at Ganpu increased from January to September and then decreased in the next months. The seasonal variations of the high levels at Zakou and Yanguan were consistent with Ganpu, except that the river flood in June caused significant increase in the high water levels. The monthly low water level at Ganpu was more or less a constant, fluctuating around −0.6 m. Both the monthly low water levels at Zakou and Yanguan showed a slow increase trend during the periods without the river flood. For example, from January to May the low water level at Zakou increased from 4.98 to 5.45 m; this process was disturbed by the river flood which lowered the monthly averaged low water level by 0.46 m, and then the low water level increased again gradually from 4.99 to 5.33 m from July to December.
[image: Figure 6]FIGURE 6 | Monthly averaged high (A) and low (B) water levels at Zakou, Yanguan and Ganpu Station in 2015.
Figure 7 depicts the relation between the tidal ranges at Ganpu and at the two upstream stations in April, July, November and June, representing the periods before and after the river flood, after the period of large tidal range in Autumn and during the river flood. If all data through the entire year are considered, the relations between the tidal ranges at Ganpu and at the two upstream stations show insignificant correlation. However, good relationships existed during a relative short period. Under the same tidal range at Ganpu, the tidal range at Zakou was largest in July, and smaller in June. The monthly variation of the relationships can only be explained by the bathymetrical changes within the estuary, because in such an analysis the influence of the tidal range at Ganpu has been excluded and the river discharges in most months are comparable. At Yanguan, the difference of the relations among months are smaller except that the tidal range was apparently damped by the high flow in June.
[image: Figure 7]FIGURE 7 | The relationships between the tidal range at Zakou (A) and Yanguan (B) and that at Ganpu.
Tidal Amplification
Figure 8A illustrates the time series of the tidal amplification factors at Zakou and Yanguan. The factor at Zakou shows clear spring-neap tidal cycles, varying between 0.01 and 0.41. In the months before the river flood, the factor at Zakou is relatively small, with the average being 0.12. During the period of the river flood, the spring-neap cycle of the amplification was interrupted and the correlation between the factor and the tidal range at Ganpu was weakened. After the river floods, the amplification factor was increased significantly. The average in July was 0.22, almost doubled of that before the river flood. The amplification factor increased further until September in which the average was 0.28, and then decreased gradually to be around 0.15, comparable with that in the first 2 months in 2015. The correlation between the amplification factor at Zakou and the tidal range at Ganpu was insignificant if all data in the whole year of 2015 are considered. However, good relationship exists for a relatively short period, for example 1 month as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Time series of tidal amplification factors at Zakou and Yanguan (A), and their relationships with the tidal range at Ganpu (B, C).
The amplification factor at Yanguan varied between 0.32 and 0.76, with an average of 0.58. Its spring-neap cycle was unclear except that a low factor can be detected at neap tides. During the river floods the factor at Yanguan was decreased significantly, indicating that the high river discharge damped the tides. The bed level change at the lower reach induced by the flood was less than in the upper estuary (Figures 3B, 4), hence the influence of the morphological change at Yanguan reach was relatively small. Unlike the good relationship between the tidal ranges at Yanguan and Ganpu, the amplification factor at Yanguan seems hardly influenced by the tidal range at Ganpu. For example, the factor at Yanguan fluctuates around 0.55 in april, July and November (Figure 8C).
Hydraulic Head
The hydraulic heads also show spring-neap tidal cycles (Figure 9A). In 2015 they varied between 0.87 and 2.74 m in the upper reach and between 0.92 and 3.24 m in the lower reach, respectively. This indicates that the water surface slope in the lower reach was larger than in the upper reach, because the lengths of both reaches are comparable. Usually water surface slopes in estuaries increase in the landward direction because of the backwater effect (e.g., LeBlond, 1978; Godin and Martinez, 1994). The abnormal spatial distribution of the water slopes in the Qiantang Estuary is related to the unique longitudinal bathymetric profile (Figure 1B). The drastic rise of the bed elevation in the lower reach increases the low water level significantly, and thus increases the tidally averaged water level.
[image: Figure 9]FIGURE 9 | Time series of the hydraulic heads over the upper and lower reaches (A), and their relationships (B).
Hydraulic heads over both reaches increased obviously during the river flood in June due to the backwater effect. After the river flood, the hydraulic head over the lower reach recovered immediately, but over the upper reach it lowered by about 0.8 m. The difference between the hydraulic head changes over the two reaches is probably related to the spatial difference of the bed level changes. The bed erosion by the flood in the upper reach was 1–3 m, which lowered the water level significantly. The bed level change and the corresponding change in water levels in the lower reach are less. If all data through the whole year were considered, the relationship between the hydraulic heads over the two reaches is unclear, indicating the active morphological changes. However, in a relatively short period, good correlation does exist (Figure 9B). For a relatively short period, the bed level changes were minor. Then the hydraulic heads over both reaches mainly depend on the tidal forcing at the seaside.
DISCUSSION AND CONCLUSIONS
The seasonal tidal behavior in the Qiantang Estuary has been explored here in order to determine the impact of the variation of the river discharge, particularly considering the active morphological evolution. One of the most important findings in this study is that the active morphological evolution in the Qiantang Estuary induced by the river flood has significant feedback on tidal dynamics, especially in the upper estuary. The river flood caused significant bed erosion. It also increased the water levels and damped the incoming tides at Yanguan where the bed evolution was relatively small (Figures 5–8). However, the decrease of tidal range at Zakou during the river flood was insignificant. The tidal dynamics near Zakou depends on the relative balance between channel convergence and bottom friction (Garel and Cai, 2018; Cai et al., 2020). The convergence length can be calculated based on the cross-sectional area along the estuary [image: image]:
[image: image]
where [image: image] is the cross-sectional area at Daquekou, x is the distance from Daquekou and the constant a is the convergence length of the cross-sectional area. Figure 10 shows the cross-sectional area upstream Daquekou before and after the river flood. After the flood, the area upstream Daquekou increased significantly, with the averaged increase being 2.13 × 103 m3. Correspondingly, the convergence length increased by about 50%, from 44.3 to 66.2 km. As the width is fixed after the embankment project, the calculated convergence reflects the longitudinal change of the water depth. Then the tidal amplification increases with the increase of the convergence length (Garel and Cai, 2018). This effect counteracts the tidal damping by high river flow. After the river flood, the eroded bed lowered the local low water level, increased the water depth and decreased the bed friction, hence the tidal range was doubled (Figures 5–8).
[image: Figure 10]FIGURE 10 | The cross-sectional areas upstream Daquekou before and after the river flood.
The seasonal change in the amplification factor at Zakou is much larger than many other estuaries (Jalón-Rojas et al., 2018; Wang et al., 2019) where the correlation between the amplification factor at the upper estuary and the tidal range at the mouth is relative stable over decades. Furthermore, the tidal amplification is larger during spring tide than during neap tide (Figure 8), in agreement with the findings of Xie et al. (2018) based on the monthly-averaged data since the 1980s. This is different from other tide-dominated estuaries such as the Guadalquivir Estuary in the Spain (Wang et al., 2014), Garonne tidal river in the France, (Jalón-Rojas et al., 2018), the Guadiana estuary in the Portugal (Garel and Cai, 2018) and the LingdingYang Bay in the Pearl River Estuary of China (Cai et al., 2020). This is related to the landward increase of water depth due to the presence of the large bar (Figure 1B) which decreases the friction effects and the high sediment concentration which reduces the hydraulic drag (Xie et al., 2021b).
The tidal amplification induced by bed erosion during the river floods in the Qiantang Estuary is similar to the tidal amplification induced by human activities in many other estuaries. For example, the tidal range at Dendermonde, the Upper Scheldt Estuary increased from 3.2 to 3.6 m in 1970s to 4.0–4.5 m in 2010s triggered by deepening or narrowing of the estuary (Wang et al., 2019); the tidal range in the lower Loire Estuary, France increased from 1.2 m in 1904 to 5.5 m in 2004, amplified by 3.6 times, due to progressive narrowing of the estuary (Winterwerp et al., 2013); gravel extraction in the upper Garonne River, France, during 1953 and 1994 amplified the tidal range by 23% (Jalón-Rojas et al., 2018); the tidal amplitude in the upper Hudson Estuary has more than doubled since the late 19th century due to channel deepening (Ralston et al., 2019); the annual tidal ranges at Shanshui and MK stations in the upper Pearl River Delta, China increased rapidly from around 0.25 m before 1990 to around 0.6 m in 201 0 due to large-scale sand excavation (Cai et al., 2016). The tidal amplification induced by human activities is usually irreversible and a regime shift to more dynamic and high turbidity has developed in the systems (Winterwerp et al., 2013; Van Maren et al., 2015; Jalón-Rojas et al., 2018; Wang et al., 2019). The tidal amplification in the present study can be decreased during low river discharge period because of sediment accumulation. Several studies have focused on the role of seasonal variations of river discharges on the estuarine morphological evolutions (Reddering and Esterhuysen, 1989; Cooper, 2002; Choi et al., 2020). Unfortunately, so far no study has been reported on the seasonal tidal dynamics due to seasonal morphological evolution. The results in this study revealed that the tidal amplification in the estuary can be decreased during the low river discharge periods because of sediment accumulation. This is also relevant to other similar estuaries worldwide.
The mean tidal discharge at Ganpu is in an order of 105 m3/s (Chen et al., 1990; Huang et al., 2021), two orders larger than the normal river discharge. Under normal discharge conditions, the estuary is flood-dominant (Xie et al., 2018). In particular, the tidal bore in the Qiantang Estuary is an extreme hydrographic condition. During spring tides, maximum velocity at the bore arrival can be 5–6 m/s, inducing a large sediment transport capacity. During a spring-neap cycle the net sediment transport through the Yanguan transect can be 8,000 m3 landwards (Xie et al., 2018). Hence during normal discharge period, the upper estuary is in a state of sediment accumulation, as indicated by the slowly increase in the monthly low water levels at Zakou and Yanguan in Figure 6B. Correspondingly, the tidal range and tidal amplification decrease gradually (Figures 7, 8). Using a long time series of bathymetrical data in each April, July and November since the 1960s and the water level records in the same period, Han et al. (2003) found that the low water level in the upper Qiantang Estuary depends on local bed elevations. However, it is difficult to survey the bathymetry in the Qiantang Estuary with a frequency higher than three times per year due to financial and logistic reasons. The time series of the increasing monthly averaged low water levels herein can provide evidence of higher temporal resolution to support how the upper estuary is gradually accumulated in normal river discharge periods.
Based on the results in the present study, two types of the responses of the tidal behavior to the variation of the river discharge can be distinguished: short-term response during the high river discharge and longer-term response related to the tidal forcing from the open sea. During the periods of river floods, both water level and hydraulic head increased significantly (Figures 5, 6, 9). After the river floods, the lowered bed level can be recovered gradually in the following months due to the landward sediment transport by the tides. Accordingly, the low water level and hydraulic head increased and the tidal range decreased.
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