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A B S T R A C T

Tidal flats are critical coastal ecosystems, with their geomorphic characteristics traditionally understood to be primarily influenced by tidal, wave, and storm forces. 
This study investigates the impact of rainfall on the morphodynamics of upper tidal flats by combining hydrodynamic-sediment data, meteorological rainfall records, 
and video monitoring at the Chongming Dongtan tidal flat in the Yangtze River Estuary, China. We show that rainfall significantly increases suspended sediment 
transport and accelerates tidal channel elongation. Notably, rainfall events—though occurring during only 25 % of observed tidal inundation periods—accounted for 
62 % of cumulative net sediment transport. This disproportionate efficiency compared to tidal forcing stems from the rainfall-induced hydraulic connectivity between 
expansive supratidal areas and tidal channels, where concentrated runoff convergence intensifies scour dynamics. These findings challenge the traditional view of 
tidal flat dynamics, suggesting that rainfall is a more influential driver of morphodynamic change than previously recognized.

1. Introduction

Tidal flat landscapes are crucial to coastal ecosystems and human 
communities, serving as natural barriers against storm surges and 
erosion, providing habitats for diverse species, and supporting essential 
ecological processes like nutrient cycling and carbon storage (Allen, 
2000; Murray et al., 2019; Temmerman et al., 2013). As dynamic 
landscapes shaped by the interactions between hydrodynamic, sedi
mentary, and atmospheric forces (Fagherazzi et al., 2006; Friedrichs, 
2012; Mariotti and Fagherazzi, 2010), tidal flats also act as sensitive 
indicators of environmental shifts, such as rising sea levels and declining 
sediment supply (Fivash et al., 2023; Mariotti and Fagherazzi, 2013). 
Therefore, studying the morphological evolution of tidal flats is vital for 
understanding these ongoing changes, their potential impacts, and how 
these landscapes may respond to natural forces and human activities.

The morphological evolution of tidal flats has been typically studied 
through the monitoring of hydrodynamic and sediment transport pro
cesses, supplemented by periodic topographic surveys (Fagherazzi and 
Priestas, 2010; Gong et al., 2017; Pieterse et al., 2016; Sun et al., 2024a; 
Talke and Stacey, 2008). However, direct observation of continuous 
morphological changes is often impractical under standard monitoring 

conditions (Tseng et al., 2017). Field studies usually rely on deploying 
instrumented frames on tidal flats and retrieving data after a set 
observation period (Andersen et al., 2006; Belliard et al., 2019; Gong 
et al., 2017; Hu et al., 2015; Ly and Huang, 2022; Pethick, 1981). This 
approach leaves gap in capturing the dynamic, real-time morphological 
response of tidal flats, as it lacks a “fixed eye” to continuously record 
morphological changes alongside the instrumentation. As a result, 
establishing process-response relationships between hydrodynamic 
forcing, sediment transport patterns, and resultant morphological 
changes remains challenging, particularly at the event scale where rapid 
geomorphic adjustments may occur.

This observational limitation may have biased research focus toward 
prototypical coastal forces shaping tidal flats. For example, wave action 
is typically considered to be a significant erosive force (Fagherazzi and 
Wiberg, 2009; Friedrichs and Perry, 2001; Green and Coco, 2014), while 
tidal currents are essential to the long-term stability of the flat 
(Friedrichs and Aubrey, 2011; Rinaldo et al., 1999; Seminara et al., 
2004) and the development of drainage systems, i.e., tidal networks 
(Coco et al., 2013; Rinaldo et al., 1999; Seminara et al., 2004). Mean
while, episodic events like storms are increasingly acknowledged for 
their dramatic short-term impacts on tidal flats (Jarmalavicius et al., 
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2016; Leonardi et al., 2018), with ongoing debates about their contri
bution to erosion (Mariotti et al., 2010; Morton and Barras, 2011; Shi 
et al., 2021) versus accretion (Hache et al., 2021; Pannozzo et al., 2021; 
Tognin et al., 2021; Xie et al., 2021). However, a ubiquitous atmospheric 
factor—rainfall—has received much less attention in this context, as it 
appears neither as intense as storms nor as persistent as tides and waves. 
Although some studies have examined rainfall’s role in sediment 
redistribution and runoff dynamics (Green and Coco, 2007; Ha et al., 
2018; Murphy and Voulgaris, 2006; Voulgaris and Meyers, 2004), most 
analyses of tidal flat morphodynamics continue to neglect its influence 
(Fagherazzi et al., 2012; Friedrichs, 2012; Zhou et al., 2022). Lao et al. 
(2025) notably proposed that rainfall can enhance tidal creek develop
ment and sediment transport, but their conceptual model lacked quan
tification under natural conditions.

Since 2018, a monitoring tower has been established at the 
Chongming Dongtan tidal flat in the Yangtze River Estuary, China 
(Fig. 1). The tower is equipped with a camera that provides an aerial 
view of the upper tidal flat area. This setup offers a unique opportunity 
to study the influence of rainfall on tidal flat morphodynamics by inte
grating sediment and flow data from observational frames, meteoro
logical rainfall data, and real-time imagery from the camera. As 
demonstrated in the subsequent results, we find that rainfall promotes 
suspended sediment transport and the growth of tidal channel networks 
across upper tidal flats. These findings provide empirical evidence 
challenging the conventional focus on prototypical coastal forces, and 
suggesting that rainfall plays a more considerable role in tidal flat 
evolution than previously recognized.

2. Materials and methods

2.1. Study area

Chongming Dongtan tidal flat lies at the eastern edge of Chongming 
Island within the Yangtze River Estuary, which belongs to Shanghai, 

China. This intertidal wetland spans approximately 170 km2 and fea
tures a complex system of tidal channels (Fig. 1a). The region experi
ences irregular semi-diurnal tides, with an average tidal range of 2.6 m 
and an extreme tidal range reaching up to 4.6 m (Shi et al., 2012; Zhu 
et al., 2016). Under the influence of a subtropical oceanic climate, 
Chongming Island records a mean annual temperature of 15.2 ◦C and an 
average annual precipitation of 1025 mm (Huang et al., 2008). Wind 
conditions vary throughout the year, with monthly average wind ve
locities ranging from 3.5 to 4.5 m/s. Typical wave heights measure be
tween 0.1 and 0.3 m, occasionally exceeding 1.0 m during storms (Yang 
et al., 2008). The surface sediments are predominantly composed of 
sand and silt (Gorenc et al., 2004; Te Slaa et al., 2013).

2.2. Field measurements

We conducted field measurements in the central area of Chongming 
Dongtan tidal flat from June 1 to July 31, 2023. A flow-sediment 
observation system was installed near a primary tidal channel with 
secondary branches, to collect measurements of flow and sediment dy
namics. Notably, the measurement area falls within the field of view of 
the monitoring tower and is conveniently located near a meteorological 
station. The measurement area belongs to the upper zone of the tidal 
flat, located approximately 1.5 m above sea level with a perpendicular 
distance of about 251 m from the shoreline. The observation system was 
positioned within the primary tidal channel, 574 m from its entrance. 
The primary tidal channel has a depth of approximate 1 m; tidal waters 
overtop the flats when depths exceed 1 m but remain channel-confined 
below this threshold. The integration of hydrodynamic measurements, 
video imagery, and meteorological data provides a comprehensive 
dataset for understanding the evolution and interactions of water, 
sediment, and geomorphology in the region.

The observation system was equipped with an ALEC INFINITY, a 
Nortek HR-Profiler and an RBR concerto3-C.T.D. Tu, which measured 
real-time flow velocity, flow direction, and turbidity. The RBR-TU and 

Fig. 1. Study area on the Chongming Dongtan tidal flat in the Yangtze River Estuary, China, where an integrated observation system has been deployed. This system 
combines a weather station, video monitoring, and a field-based flow-sediment monitoring frame: (a) flow-sediment monitoring instruments, video monitoring tower 
and the studied secondary channel system; (b) locations of integrated observation system and the weather station.
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ALEC sensors were mounted 0.15 m above the bed surface, while the HR 
sensor was installed closer to the bed. All instruments were securely 
mounted on dedicated poles designed to minimize the impact of the 
support structures on the flow (Fig. 1). The burst duration and burst 
interval for all instruments were set to 60 s and 300 s, respectively, as in 
previous studies with similar settings (Li et al., 2024; Shi et al., 2017; Xie 
et al., 2021). The RBR concerto3-C.T.D. Tu operated at 2 Hz, with its 
optical turbidity sensor accuracy of ±0.125 μmol/m2/s. The Nortek HR- 
Profiler operated at 32 MHz with a velocity accuracy of ±0.005 m/s. 
The ALEC INFINITY sampled at 1 Hz with an accuracy of ±0.01 m/s. 
During both the deployment and retrieval of the instruments, we 
collected surface sediment samples near the observation stations. These 
samples were used to determine the median grain size of the sediments 
using a Coulter LS-100Q laser particle size analyzer. The Chongming 
Dongtan Weather Station recorded hourly weather data of July 2023 
and June 2023, including wind speed at 10 m above ground and rainfall. 
The weather station coordinates are 121◦56′18.85″E, 31◦31′10.60″N, is 
located only 6.64 km from the observation system. Monthly precipita
tion data for the Shanghai area from April 2022 to October 2023 were 
obtained from government environmental bulletins.

We documented the development of the tidal channel system using 
video data captured by a camera mounted on a 27-m-high tower. The 
camera recorded continuously during daytime hours at 25 frames per 
second with a resolution of 3000 × 4000 pixels. The transformation 
from image coordinates into real-world coordinates was conducted 
through Direct Linear Transformation (DLT) method (Guo et al., 2020). 
The mathematical formulas of this transformation can be expressed as 
(Feng et al., 2024; Hida et al., 2022; Zhan et al., 2019): 

u
L1x + L2y + L3

L7x + L8y + 1
(1) 

v
L4x + L5y + L6

L7x + L8y + 1 (2) 

where (u,v) represents image coordinates (in pixels) and (x,y) denotes 
real-world coordinates (in meters). Coefficients L1-L8 are calculated 
through image/real-world coordinates pairs of ground control points 
(noticeable red marker poles). The outdoor camera system was inevi
tably subject to minor perturbations from wind, rainfall, and occasional 
bird interference (Alippi et al., 2010; Žydelis et al., 2019). Measurement 
errors can also stem from both manual coordinate selection of control 
points and optical artifacts, such as strong reflections from wet tidal flat 
surfaces after the ebb tide period. By transforming image coordinates of 
feature points into real-world view and comparing displacements, we 
found the mean x-direction error is 0.060 m and the mean y-direction 
error is − 0.038 m, with an average offset of 0.084 m. This implies that 
the total length of the secondary tidal channel system may be slightly 
overestimated. However, since the total length spans several tens of 
meters, this error does not affect the interpretation of the tidal channel’s 
development trend. We employed MATLAB to extract and rectify the 
video frames and then measured the morphological changes in the tidal 
channel system.

2.3. Field data processing

The current-induced bed shear stress (τc) is evaluated based on the 
assumption of a logarithmic velocity profile (Whitehouse et al., 2000; 
Xie et al., 2021): 

τc = ρwu2
* (3) 

u(z) =
u*

k
ln
(

z
z0

)

(4) 

where ρw (= 1030 kg/m3) is the seawater density, u* (m/s) is the shear 
velocity, u(z) (m/s) is the current velocity at elevation z (m) above the 

seabed, κ (= 0.41) is the Von Karman’s constant and z0 (m) is the bed 
roughness length, which is estimated as the median grain-size of surfi
cial sediment (Colosimo et al., 2020; Lefebvre et al., 2013; Mariotti and 
Fagherazzi, 2010).

The wave induced bed shear stress (τw) takes the form: 

τw =
1
2
fwρwu2

b (5) 

where fw is the non-dimensional wave friction factor and ub is the wave 
orbital velocity (Soulsby and Clarke, 2005): 

fw = 0.04
[

ubT
2πkb

]− 0.25
(6) 

ub =
πH

Tsinhkh
(7) 

where H (m) is the wave height, T (s) is the wave period, kb = 2.5d50 (d50 
is the median grain size of the bed surface sediment, d50= 14.66 μm), k is 
the wave number (σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gktanhkh

√
, in which σ = 2π/T is the wave fre

quency), and h is the water depth. The wave height H and wave period T 
are calculated using the formulation of Young and Verhagen (1996).

The bed shear stress due to combined Wave-Current Interaction (τm) 
calculated as (Shi et al., 2017; Soulsby and Clarke, 2005): 

τm = τc

[

1 + 1.2
(

τw

τc + τw

)3.2
]

(8) 

The suspended sediment concentration (SSC) during the observation 
period was obtained by converting the turbidity data measured by the 
RBR-TU (calibration curve is in Supplementary Fig. 1). The suspended 
sediment flux SF (kg/m⋅s) per unit width during the inundation period is 
calculated as (Nowacki and Ganju, 2019; Sun et al., 2024b): 

SF =

∫ Tt
0 v(t)c(t)h(t)dt

Tt
(9) 

where v(t) is the along-channel velocity component (m/s), c(t) is the 
suspended sediment concentration and Tt is the time of the inundation 
period.

3. Results

3.1. Rainfall-induced morphological changes of tidal flats

The video monitoring system recoded morphodynamic changes in 
tidal flat morphology from April 2022 to October 2023 (Fig. 2a), when a 
secondary tidal channel system emerged, branching from the main tidal 
stream. The total length of the secondary tidal channels is the distance 
from the branching point off the primary channel to the endpoints of all 
four secondary channels. This length initially increased rapidly from 
April to August 2022. After that, the expansion rate gradually slowed. 
Between January and May 2023, the channel length stabilized at 
approximately 60 m. Although data gaps exist (August 2022 to 
December 2022 and April 2023), the growth rate showed a clear 
deceleration. The channels then resumed growth in June 2023, 
extending an additional 25 m over the following three months (Fig. 2a; 
Supplementary Fig. 2).

The secondary growth phase of the channels correlates strongly with 
rainfall patterns. Meteorological data from a local weather station shows 
the average monthly rainfall in Shanghai increased markedly from 
67.26 mm/month (January–May 2023) to 175.16 mm/month (June
–October 2023). This period of intensified precipitation coincided with 
renewed channel expansion, indicating a potential causal relationship 
between rainfall and channel development. Fig. 2c further clarifies the 
relationship between monthly secondary channel extension length and 
precipitation. Beginning in January 2023, a pronounced positive 
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correlation emerges, indicating that rainfall has become the primary 
driver of channel growth. In contrast, data from before 2023 lie pre
dominantly above the regression line, revealing a weaker correspon
dence with rainfall. This temporal shift reflects changing geomorphic 
controls: in 2022, the secondary channels occupied lower-elevation flats 
subject to frequent tidal inundation, and headward erosion induced by 
tidal action governed their expansion. As channel heads migrated onto 
higher-elevation tidal flats—where inundation frequency diminished 
markedly—the influence of tides waned and rainfall-driven incision 
assumed primacy in controlling channel elongation. The absence of se
vere storm events in the observation area from June to October 2023 
(Supplementary Fig. 3) eliminates storm impacts as a primary driver of 
the observed channel growth. However, questions remain about the 
influence of increased winds, elevated wave conditions, and rainfall- 
induced flow inputs during wetter months. These factors require addi
tional investigation to determine their relative contributions to channel 
development.

3.2. Impacts of rainfall on flow patterns

We monitored hydrodynamic conditions across 56 tidal cycles over 
two months between June and August 2023. The remaining tidal cycles 
were not captured because the water did not submerge the study area. 
During the observed inundation periods, the recorded water depths 
ranged from 0.2 m to 1.5 m, while flow velocities reached up to 1 m/s. 
These observations included 42 inundation cycles under rain-free con
ditions (Fig. 3a–f) and 14 inundation cycles during rainy conditions 
(Fig. 3g–h). Most rainfall events covered the entire inundation period, 
with an average rainfall intensity of 2.58 mm/h and a maximum in
tensity reaching 20 mm/h. To facilitate interpretation, we sorted the 
data by maximum water depth, which reflects the tidal range. The full- 
time data series of the observations is provided in Supplementary Fig. 3.

Under rain-free conditions, tidal currents exhibit clear flood and ebb 
flow patterns corresponding with the rise and fall of the tide (repre
sented by the colour of dots in Fig. 3a–f). When the tidal range is small 

(e.g., N1-N21), high flow velocities typically occur near the beginning 
and end of the inundation period, coinciding with periods of rapid 
water-level change. As the tidal range increases, water overtops the flats 
at high tide (e.g., N29-N42), resulting in two additional flow velocity 
peaks near the high-water phase (one at flood tide and one at ebb tide). 
This transition reflects variations in ebb and flood dominance under 
different tidal conditions. Specifically, for smaller tidal ranges, where 
depths are small, flood velocities exceed ebb velocities (e.g., N1-N21), 
resembling the typical dynamics of tidal flats(Ge et al., 2021; Wang 
et al., 2020; Xie et al., 2018).In contrast, for larger tidal ranges (e.g., 
N29-N42), water overflows across tidal flats inducing a shift toward ebb 
dominance as water drains back into the channels (Fig. 3e–f). These 
observed patterns are consistent with established understandings of 
tidal flat-channel hydrodynamics.

During rainy conditions, the flow field does not show regular flood 
and ebb patterns as in rain-free conditions (Fig. 3g-h). A notable dif
ference is that the flow tends toward ebb dominant in nearly all observed 
rainy inundation cycles (e.g., compare N1-N7 with R1-R7). Even under 
large tidal ranges (e.g., R13), rainfall can reverse the flow direction to 
ebb-directed during the flood phase. We attribute this ebb-dominated 
trend to the rainwater draining from the tidal flats into the channel. In 
addition, the rainfall affects flow velocity magnitude. For example, 
heavy rainfall (e.g., >10 mm/h) during neap tides generated large ebb 
flow velocities comparable to those observed during rainy-free spring 
tides (e.g., compare N40–N41 with R5–R6). This result further suggests 
that the distortion of flow patterns in rainy days can be as significant as 
the effects of tidal forcing.

No strong winds or extreme typhoon events occurred during the 
observation period. The average wind speed throughout the observation 
period was less than 5 m/s, with easterly and southerly being the pre
vailing wind directions (Supplementary Fig. 3). Only during the N33, 
R7, N23, R10 periods wind speeds reach 10 m/s. Given the generally low 
wind speeds during this period, the impact of wind on flow velocity was 
small (Supplementary Fig. 4). This can be illustrated through two 
comparative examples: although wind speeds differed by 5 m/s between 

Fig. 2. The development process of the secondary tidal channel system and its correlation with rainfall: (a) The total length of the secondary tidal channel system 
from April 2022 to October 2023; (b) Changes in the endpoint positions of each branch in the secondary tidal channel system from the true top-down view; (c) 
Correlation between the monthly extension length of the secondary channel system and rainfall.
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N23 and N25, which exhibited similar tidal patterns, their flow velocity 
distributions were nearly identical; the average wind speed of N33 was 
6 m/s higher than that of N39, but the flow velocity of N33 was even 
lower than that of N39. Therefore, we attribute the significant variations 
in tidal flow velocity observed during rainy conditions to the additional 
precipitation input.

3.3. Impacts of rainfall on suspended sediment transport

There is a clear positive correlation between overall SSC and the 
strength of tidal forces during rain-free periods (brown bars in Fig. 3a-f). 
Specifically, large SSC values are mostly observed during spring tides, 
particularly when the maximum water depth exceeds approximately 1 m 
(e.g., N29-N42, see Fig. 3e-f). SSC time series do not strictly follow the 
fluctuations in flow velocity or current-induced bed shear stress, as 
suspended sediment is not sourced exclusively from local scour. 

However, the SSC time series shows recognizable patterns and com
monalities for similar tidal conditions. For example, during spring tides 
(e.g., N30-N32, etc.), SSC peaks coincide with higher water levels. On 
the other hand, during rainy days, high SSC values are observed even 
under low tidal range (Fig. 3g-h). Furthermore, the timing of elevated 
SSC aligns closely with the occurrence of rainfall events (e.g., R1, R3, 
R6, R13 and R14). These observations suggest that rainfall is a signifi
cant meteorological factor contributing to increased SSC.

To investigate how rainfall events enhance SSC, we averaged the 
current-induced bed shear stress, rainfall rate, and SSC for each inun
dation cycle (Fig. 4). In the absence of rainfall, we identified a threshold 
maximum water depth of approximately 1 m (see gray triangles and 
regression lines). Below this depth, bed shear stress remains low and 
exhibits minimal variation, as indicated by the low R² (≈ 4%) in the 
linear regression. However, shear stress increases sharply when the 
maximum water depths exceed this threshold. Here, we consider the 1-m 

Fig. 3. Water depth (gray lines), flow velocity (dots), current-induced bed shear stress (green lines), and suspended sediment concentration (brown bars) recorded 
during all tidal inundation periods, along with the corresponding rainfall rate (blue bars). The colour of the velocity points indicates the direction of flow, with red 
representing ebb tide and blue representing flood tide. The inundation periods are arranged in ascending order of maximum water depth rather than chronological 
order, and the beginning and times of each inundation period are noted with the inundation period number. The beginning and ending times for each inundation 
period are also in Supplementary Table 1.
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maximum water depth as the point at which tidal flow overtops the tidal 
channel banks. As the water level rises above this depth, the tidal flow 
rapidly spreads across the tidal flats, resulting in a substantial increase in 
tidal volume and, consequently, higher overall erosion forces (current- 
induced bed shear stress).

However, rainfall disrupts this typical variation pattern (blue circles 
in Fig. 4a). Under low rainfall conditions, the mean current-induced bed 
shear stress variation exhibits patterns similar to rain-free conditions (e. 
g., R3, R9, R11, R2, and R14). However, intense rainfall events generate 
significantly higher current-induced bed shear stress (e.g., R1, R5, R6, 
and R10). We further tested the relationships between mean current- 
induced bed shear stress and mean SSC separately for rainy and rain- 
free conditions (Fig. 4b). Both relationships are well-fitted by power- 
law functions (gray and blue curves). However, the mean SSC values 
during rainfall events consistently exceed those during rain-free periods, 
even under equivalent mean shear stress conditions. In addition, the rate 
at which SSC changes with shear stress during rainfall reduces under 
rainy conditions (see the different slopes of the blue and gray curves). 
These differences suggest rainfall contributes additional suspended 

sediment input from tidal flats through runoff.
To quantify the contribution of rainfall events to sediment transport, 

we calculated the net sediment flux during each tidal inundation period 
(Fig. 5). Under rain-free conditions, when tidal water did not overtop the 
flats (hmax < 1 m), the system exhibited a slight flood dominance with a 
net sediment flux of less than 0.05 kg/m⋅s (thin-outlined gray bars). 
When tidal water overtopped the flats (hmax > 1 m), the transport 
pattern shifted predominantly to ebb-directed (thick-outlined gray 
bars). During rainfall events, the transport pattern consistently dis
played strong ebb dominance (blue bars). Notably, most rainfall events 
coincided with periods when tidal water did not overtop the 
flats—conditions that typically produce flood-dominated transport 
(represented by the predominantly thin-outlined blue bars). This 
observation suggests that rainfall was the primary driver of ebb domi
nance. Furthermore, statistical analysis of all inundation periods (irre
spective of tidal overtopping) demonstrates, although rainfall events 
accounted for 25 % of the total observed inundation periods (1/3 of the 
rain-free periods), they contributed 62 % of the cumulative net sediment 
transport (about 1.5 times the rain-free periods). This result suggests 

Fig. 4. Variations in bed shear stress and suspended sediment concentration (SSC) during rainy and rain-free periods. (a) Relationship between the mean current- 
induced shear stress and maximum water depth (representing tidal range); (b) Relationship between the mean SSC and mean current-induced shear stress. Gray 
triangles and blue circles represent rainy and rain-free conditions, respectively. The size of the circles corresponds to the rainfall rate. The blue and gray lines indicate 
the regressions of the respective data, with the shaded bands representing 95 % confidence intervals.

Fig. 5. (a) Water depth and rainfall time series; (b) Net sediment flux for each tidal inundation cycle; (c) The pie chart which shows the proportion of rainy and rain- 
free conditions in terms of the cumulative inundation time and net sediment flux. Gray and blue bars represent rainy and rain-free conditions, respectively. The width 
of the bars indicates the duration of inundation. A thick outline around a bar indicates that the maximum water depth (hmax) during that inundation cycle exceeded 1 
m, suggesting that the flow overtopped the tidal channel bank. The pie chart in the lower right corner shows the proportion of rainy and rain-free conditions in terms 
of the cumulative inundation time and net sediment flux.
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that at the upper flat(e.g.1.5 m above sea level with tidal range around 
2.6 m in this study)rainfall can reach to nearly 5 times more efficient 
than tidal forcing in driving net sediment transport. Our conclusions are 
valid across dry and rainy seasons and over the spatial extent of the 
upper tidal flat, approximately 103 m2 (the typical coverage area of the 
secondary channel system). We consider the spatial effectiveness of 
rainfall-induced processes is also influenced by the size of the tidal flat’s 
catchment area, with larger tidal flats experiencing more intense rainfall 
showing more pronounced effects.

4. Discussion

4.1. Mechanisms of rainfall-driven sediment dynamics

Under rain-free conditions, the overflow of tidal water across chan
nel banks serves as a critical threshold for hydrodynamic regime shifts in 
tidal channels. When water overtops the banks, it expands the effective 
drainage area by incorporating adjacent tidal flats, thereby increasing 
discharge through the channel. This enhanced discharge results in 
nonlinear increases in bed shear stress and sediment resuspension 
(Fig. 4). Although tidal flows are amplified during both flood and ebb 
tides, the system predominantly exhibits an ebb-dominated sediment 
transport pattern (Fig. 5). This asymmetry arises from the higher bed 
resistance of tidal flats compared to the main channel, which reduces 
flow velocities over the flats. During the flood, this frictional differential 
leads to higher water levels in the channel as the flow struggles to spread 
across the tidal flat surface(Fagherazzi et al., 2008). Conversely, during 
the ebb, the delayed drainage from the tidal flats (due to friction- 
induced lag) forces the flow to be confined to a smaller effective 
depth. As a result, the ebb phase experiences higher bed shear stresses 
and sediment transport capacity than the flood phase (e.g., Fig. 3f).

The above-mentioned mechanism extends to rainfall scenarios, as 
rainwater facilitates hydraulic connectivity between channels and 
adjacent tidal flats through surface runoff. This connection operates 
independently of tidal pumping overflow and thus exclusively contrib
utes to ebb-directed sediment transport. At the onset of the flood tide 
under low water levels, rainfall-induced runoff can significantly alter 
flow direction and increase bed shear stress, thereby enhancing local 
sediment suspension (e.g., R11 and R13 in Fig. 3). When rainfall occurs 
during high-water stages (e.g., R14) or ebb tides (e.g., R7, R12, and 
R14), it does not substantially increase flow velocity or shear stress, but 
suspended sediment concentrations (SSC) still rise. This suggests the 
additional sediment originates from rainwater scouring sediments off 
the tidal flats. In particular, during neap tide conditions when tidal 
inundation remains subcritical (e.g., R1-R7 in Fig. 3g), rainfall- 
generated runoff converges directly into tidal channels at shallow 
water depths. The concentrated discharge under these low-stage con
ditions generates disproportionately high bed shear stresses compared 
to tidal flows (Fig. 4a). Furthermore, suspended sediment concentra
tions under rainfall conditions consistently exceed values observed 
under equivalent shear stress conditions without rainfall. We consider 
this enhancement stems from two mechanisms: (1) raindrop impact 
energy destabilizes surface sediments on exposed tidal flats, increasing 
their erodibility (Ha et al., 2018; Kleinhans et al., 2009; Tolhurst et al., 
2006), and (2) precipitation can influence broader supratidal areas than 
those typically inundated during high tides, creating more extensive 
contributing areas for runoff convergence (Kim et al., 2021; Murphy and 
Voulgaris, 2006; Xin et al., 2017). This mechanism resonates with ob
servations from seasonal rainfall pulses in Amazonian mangroves 
(Cardenas et al., 2022) and on the west coast of Korea (Choi and Jo, 
2015), where similar hydraulic connectivity significantly influences 
channel elongation and sediment transport dynamics. Rainfall may also 
promote sediment mobilization by triggering biological processes 
(Alberti et al., 2007; Meynecke et al., 2006). Rainfall can stimulate the 
activity of benthic organisms such as crabs, including burrowing, 
feeding, and migrating behaviors, which disturb sediments and 

contribute to creek formation (Hewitt et al., 2022; Luppi et al., 2013; 
Orvain et al., 2014). Rainfall may also disrupt and dissolve biofilms, 
rendering surface sediments more susceptible to tidal erosion (Chen & 
Torres, 2018; Tolhurst et al., 2006).

4.2. Implications for tidal flat morphodynamics and resilience

Tidal forcing serves as the primary driver of tidal creek extension, 
primarily through headward erosion processes (Chirol et al., 2018; 
Novakowski et al., 2004; Rinaldo et al., 1999). Wave action typically 
plays a counteracting role by redistributing sediments and smoothing 
creek morphology (de Vet et al., 2018; Sun et al., 2024c). Fluvial inputs 
can also facilitate channel network expansion by introducing hydrody
namic energy and delivering sediment that may be deposited within the 
channels (Li et al., 2025; Wang et al., 2020). On the other hand, this 
study shows that rainfall is also a significant contributor to tidal creek 
extension on upper tidal flats. Our results underscore the under
estimated role of rainfall in driving tidal flat evolution. Specifically, 
rainfall effectively integrates upper tidal flats into active sediment cy
cles. The rainwater-driven runoff creates ephemeral drainage networks 
that enable hydrodynamic forces to access and modify previously iso
lated supratidal areas. This process extends the spatial domain of mor
phodynamic processes beyond conventional tidal inundation limits. In 
addition, the observed ebb-dominated sediment transport does not 
imply simple offshore export but likely drives complex redistribution 
pathways. For instance, rainfall-mobilized sediments may be tempo
rarily deposited along tidal flat margins, intercepted by adjacent chan
nel networks, or recirculated landward during subsequent flood tides 
through newly formed drainage conduits. This intricate sediment rout
ing increases connectivity across the tidal flat system and potentially 
reinforces morphodynamic feedbacks that govern long-term landscape 
evolution.

In addition, rainfall-induced sediment transport could alter the car
bon dynamics of tidal flats (Chen and Lee, 2022; Sasmito et al., 2020; 
Zhu and Olsen, 2014). During rainfall events, intensified hydrodynamic 
forces promote larger sediment erosion, exporting organic-rich sediment 
and releasing previously sequestered carbon into the water column(Pan 
et al., 2025; Rios-Yunes et al., 2023; Sakamaki and Nishimura, 2007). 
Erosion further exposes protected anaerobic zones to oxygen, acceler
ating organic carbon mineralization and possibly resulting in elevated 
carbon dioxide emissions (Mckew et al., 2013; Spivak et al., 2019; 
Steinmuller et al., 2019). Therefore, omitting rainfall effects in carbon 
flux evaluations could lead to biased assessments of tidal flats, poten
tially misclassifying them as stable carbon sinks when they may transi
tion into carbon sources under increased rainfall conditions (Mok et al., 
2019; Sakamaki and Nishimura, 2006).

The implications extend regarding the resilience of tidal flats under 
climate change scenarios. Intensified rainfall regimes may amplify 
erosion risks, even in sheltered, low-energy settings (Seneviratne et al., 
2021). Rainfall-driven channel growth enhances drainage efficiency, 
potentially accelerating marsh degradation through creek network 
expansion—a feedback loop previously attributed mainly to sea-level 
rise (Kirwan and Megonigal, 2013). For example, in the Wadden Sea, 
a UNESCO World Heritage site, increased autumn rainfall could desta
bilize historically stable upper tidal flats, complicating existing man
agement strategies that primarily target tidal and wave energy (Baptist 
et al., 2019). On the other hand, in regions experiencing decreased 
rainfall, such as parts of the Australian east coast (Speer et al., 2011), 
sediment transport and deposition onto tidal flats might be enhanced. 
However, these hypotheses demand further detailed investigation to 
validate the nuanced interactions between rainfall variability, sediment 
dynamics, and tidal flat resilience under changing climatic conditions 
(Ranasinghe et al., 1999).
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4.3. Limitations and future perspectives

While synchronized video and flow-sediment records provide direct 
evidence of rainfall-mediated transport mechanisms, several methodo
logical limitations merit attention. Due to instrumental constraints, we 
only analyzed the morphological changes of the secondary tidal channel 
system and did not conduct a comprehensive three-dimensional recon
struction. The camera cannot operate at night, resulting in the omission 
of spring tide overbank flows in the study area. This limitation impedes 
fully characterizing hydrodynamic-morphodynamic interactions during 
these high-energy tidal surges. Additionally, the single measurement 
point restricts detailed mapping of spatial heterogeneity in sediment 
transport patterns across the tidal flat.

Addressing these observational gaps would benefit from coordinated 
advancements in monitoring techniques and numerical modeling ap
proaches. Multi-angle photogrammetric systems with LiDAR sensors 
offers a promising solution to reconstructing three-dimensional topog
raphy changes. Conducting repeated terrestrial laser scanning before 
and after rainfall events would significantly expand the research scope 
to bare flats and vegetated zones and enable a more comprehensive 
understanding of rainfall-induced geomorphological changes across 
entire tidal flat (Xie et al., 2017). Concurrently, incorporating more 
detailed representations of rainfall processes could improve the pre
diction of morphodynamic models, such as distinguishing the differ
ences in morphodynamics between dry and wet seasons (Engelbrecht 
and Landman, 2016; Hossain et al., 2014; Sumner et al., 2001). This 
might include modules for raindrop kinetic energy to capture sediment 
destabilization and precipitation-driven runoff algorithms better to 
quantify contributions from supratidal areas. To effectively implement 
these improvements, laboratory experiments could combine rainfall 
simulators with tidal flat physical models to calibrate relevant empirical 
parameters (e.g., threshold shear stress for sediment erosion). In addi
tion, field efforts could deploy distributed sensor networks across tidal 
flat elevation gradients to monitor spatial variations in sediment dy
namics and improve model validation.

5. Conclusions

This study investigates the influence of rainfall on tidal flat 
morphology by integrating hydrodynamic sediment data, meteorolog
ical precipitation records, and visual observations. We provide clear 
observational evidence that rainfall events are associated with high flow 
velocities, increased suspended sediment concentrations, and more 
pronounced topographical changes than rain-free conditions. Specif
ically, while rainfall events account for only 25 % of the observed tidal 
inundation periods, they contribute to 62 % of the cumulative net 
sediment transport. This increased transport is primarily driven by 
runoff from the upper tidal flats into the tidal channels, enhancing 
scouring forces and promoting sediment transport in the ebb direction. 
These findings suggest re-evaluating the prevailing research focus on 
tidal, wave, and storm surge dynamics, underscoring the need to 
incorporate rainfall-driven processes into frameworks for analyzing 
coastal morphodynamics.
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