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ABSTRACT

Lake Hulun, the fifth-largest lake in China, is a shallow lake (water
depth <10 m) with typical wave-dominated landforms developed around the
shoreline, with a semi-enclosed bay located in its southern corner. This
novel study aims to understand wind-driven hydrodynamics and its related
depositional patterns in the data-sparse Lake Hulun. To achieve this, a series
of numerical simulations were conducted with a hydrodynamic and sedi-
ment transport model. The simulated hydrodynamic patterns are greatly
influenced by wind direction shifts but are subject to little impact from wind
speed changes which act mainly to accelerate flow. By varying the location
and depth of the deepest part of the lake, this study reveals that the location
of the depth centre has little impact on the overall hydrodynamic pattern of
wind-driven waterbodies. When the wind direction is perpendicular to the
long-axis shore, currents around the short-axis shore flow in a direction that
follows the wind direction. This study considers the wind-induced long-
shore currents that are oblique to the long-axis shore as the main driving
force in transporting sediments along the shore and erosion of the shoreline.
The formation of semi-closed bays in both Lake Hulun, together with its
nearby sister lake — Lake Buir — are attributed to the north-west prevailing
wind direction. Further exploratory simulations confirmed that prevailing
winds tend to induce parallel distributed submerged sediment accumula-
tions in the nearshore zone, challenging the notion of sediment accumula-
tion solely in deep water zones. This study provides valuable insights into
the hydro-sedimentary dynamics in wind-driven waterbodies, offering a
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process-based perspective and contributing to current understanding of the

palaeogeography of ancient lake systems.

Keywords Delft3D, hydrodynamics, Lake Hulun, littoral landforms, wind-

driven waterbody.

INTRODUCTION

Understanding sedimentation patterns in lakes
is crucial for reconstructing past climate vari-
ability, landscape evolution, ecological shifts
and human impacts in lake and watershed eco-
systems over centennial to millennial timescales
(Cohen, 2003). While sedimentation in lakes has
been regarded as a simple process when com-
pared to the ocean, recent research indicates
that the littoral sedimentation in lakes is quite
similar to that of ocean coasts, except for tide
influences (Gracia et al., 2021). Lakes influenced
by prevailing winds often exhibit an asymmetri-
cal deposition pattern with river-dominated or
gravity-dominated shorelines upwind and
wave-dominated shorelines downwind. This
pattern thereby reflects the prevailing wind
direction and has been observed in numerous
examples from both the Holocene and ancient
lakes (Jiang et al., 2011, 2018; Schuster et al.,
2014; Schuster & Nutz, 2018; Wang et al., 2018;
Nutz et al., 2020; Xue et al., 2021; Wang et al.,
2024). Recently, Nutz et al. (2018) proposed a
novel classification of lakes called ‘wind-driven
waterbodies’ (WWB) to describe lakes with
coastal sedimentary features produced by
wind-driven waves and currents. The specific
landforms produced by such wave-related pro-
cesses are spits, barriers and berms on the lake
shore (Schuster et al., 2014; Schuster & Nutz,
2018; Nutz et al.,, 2020). Compared to a lake
with an asymmetrical deposition pattern, the
‘WWB’ lake type defined by Nutz et al. (2015,
2018) is characterized by wave-related landforms
along more than 80% of the shoreline. These
WWBs generally feature a relatively shallow
water depth relative to their size. A WWB-Index
(Iywwg) has been introduced as the ratio of fetch
(km) to water depth (m), which allows the dis-
tinguishment of wave-driven waterbodies (Iwws
superior to three) from other waterbodies (Nutz
et al., 2018).

Wind-driven bottom currents, analogous to
marine contourite systems, have been documen-
ted in several large lakes. For instance, seismic
evidence from Lake Baikal revealed small-scale

lacustrine drifts generated by persistent bottom
currents (Ceramicola et al., 2001), while Late
Pleistocene to Holocene contourite deposits in
Lake Prespa demonstrate the long-term signifi-
cance of wind-driven bottom circulation in con-
trolling sediment distribution patterns (Wagner
et al., 2012). These currents play a crucial role
in sediment transport on the lake floor, while
the flow circulation controls the evolution of
landforms at the lake coast (Nutz et al., 2015,
2018).

The quantitative analysis of wave-related sedi-
mentation in lakes is complex because sedi-
ments tend to be resuspended within shallow
marginal areas and are transported progressively
to deeper waters (e.g. Luettich Jr. et al., 1990;
Bengtsson & Hellstrom, 1992; Morales-Marin
et al., 2018). In shallow lakes where the Iywwsg
can be much larger than the threshold of WWB,
wind waves are able to induce turbulence and
potentially resuspend sediments from the lake
floor throughout the entire lake area (Jin & Ji,
2004; Kazanci et al., 2010). The sediment resus-
pension process occurs for conditions that corre-
spond to a specific water depth and wind speed
(Luettich Jr. et al., 1990; French et al., 2000).
Morales-Marin et al. (2018) demonstrated that
wave-generated bottom stresses are the main
mechanism for sediment focusing in shallow
near-shore waters (less than 3 m depth),
whereas wind-driven currents are the dominant
contributor to bottom stress in deeper waters
(Nutz et al., 2015). Despite these advances, there
remains a significant knowledge gap regarding
the flow circulation under more complex wind
conditions, where its understanding will have
implications for lacustrine hydrology, ecology
and sedimentology.

Given the complexities of lake hydrodynam-
ics, which are controlled by multiple factors,
such as river influx, winds, wave generation,
salinity, bathymetry, topography and thermal
force, numerical modelling has emerged as a
useful approach to understand the circulation,
mixing and stratification processes, allowing for
delineating sediment transport, deposition pat-
terns and associated environmental impacts
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(Morales-Marin et al., 2017). Several studies
have successfully applied numerical modelling
to investigate the hydro-sedimentary dynamics
in great lakes with greater depth, such as Lake
Strynevatnet (Norway; Storms et al., 2020) and
Lake Turkana (Kenya; Zainescu et al., 2023).
Lake Michigan (USA) has also been extensively
studied in terms of sediment drift, transport and
settlement processes, influenced by various fac-
tors, including wind, wave and heat flux transfer
(Mao & Xia, 2020; Khazaei et al., 2021). How-
ever, relatively little attention has been given to
simulation studies in WWBs (Gracia et al.,
2024). Previous simulation studies have typi-
cally used dynamic wind sets over long-term
scales, ranging from seasonal to annual (e.g.
Mao & Xia, 2020), while the systematic analysis
of hydro-sedimentation response towards dis-
crete wind parameters (direction, speed) remains
insufficiently quantified.

Lake Hulun is a lake in China exhibiting typi-
cal coastal landforms along the shoreline,
including a large semi-enclosed bay. It is also
characterized by shallow depth relative to its
area (Fan et al., 2021). While some large-scale
sandy beach ridges and spits are well-developed
on the downwind-side shore of the lake, there
are also many wave-related landforms on the
upwind-side shore (Wang et al., 2024). There-
fore, Lake Hulun contains all of the elements
required to be identified as a WWB. Several
studies on Lake Hulun focused on selected
aspects related to the impact of wind, such as
the distribution of organic carbon and nutrient
elements (Chen et al.,, 2021; Li et al., 2021).
Nonetheless, there remain questions about the
underlying mechanisms behind the development
of wave-related landforms related to the
wind-driven hydrodynamics and its related sedi-
mentation around the shoreline of Lake Hulun.

This paper examines a diverse set of process-
based simulations of Lake Hulun to investigate
hydrodynamic and sedimentation characteristics
under specific wind fields with varying direc-
tions and velocities, over a temporal scale rang-
ing from days to months. Then the impact of
uncertainties in bathymetry and shoreline config-
uration on hydrodynamics and sedimentation is
explored. This study emphasizes the develop-
ment of an exploratory modelling approach with
sparse data constraints, where insight gained
from it will provide a quantitative foundation for
differentiating wave-dominated facies from other
lacustrine deposits, thereby enhancing our ability
to reconstruct ancient atmospheric circulation
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patterns from the geological record. Through a
systematic analysis of these numerical simula-
tions, three main research questions are
addressed and discussed: (i) the quantitative rela-
tionships between wind-field parameters and the
resultant hydrodynamic-sedimentary responses
in WWBs; (ii) the mechanistic controls on dis-
tinctive littoral landform development, specifi-
cally focusing on the formative processes of a
semi-enclosed bay in Lake Hulun; (iii) the impli-
cations of sediment erosion and accumulation
patterns in Lake Hulun for interpreting deposi-
tional architectures in ancient wind-driven lake
systems.

STUDY AREA

Geographical settings

Lake Hulun, located in the north-east of China
close to the borders of Russia and Mongolia
(Fig. 1A), is the fifth-largest lake in China with
a unique irregular oblique rectangle shape. The
lake has a mean water depth of 5.75 m, water
storage capacity of 13.85 x 10° m® and
water area of 2134 km?® at the water level of
544 m, as measured in 2019 (Zheng et al., 2016;
Chen et al., 2021). The lake has a maximum
length of 93 km and width of 41 km, elongated
in a north-east/south-west direction. Fluvial and
alluvial plains are found along the south-eastern
shorelines. Meanwhile, low mountains and
hills built by Mesozoic volcanic rocks form a
fault-scarp lake shoreline on the north-western
side (Cai et al.,, 2016). Over 60 rivers and
streams feed Lake Hulun, with the Krulen
and Urshen rivers serving as the primary sedi-
ment source (Cai et al., 2016). The Krulen River
originates in the upper parts of the Khentii
mountain in eastern Mongolia and flows east-
wards to Lake Hulun in China (Gao
et al., 2017). As a part of the hydrological sys-
tem of the Khalkha River, the Urshen River
receives outflow water from Lake Buir before
flowing north towards Lake Hulun (Fan
et al., 2021). The Xinkai River, located in the
north-eastern part of the lake, has been cut off
since 1998, turning Lake Hulun into an
enclosed lake without outflows (Cai et al.,
2016). Lake Hulun is an endorheic lake situated
in a mid-high latitude temperate semi-arid zone,
where the regional climate is controlled by the
Westerlies and East Asian monsoon systems
(Xiao et al., 2009). Mean annual temperature is
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Fig. 1. (A) Geographic location of Lake Hulun. Black box indicates the location of panel (B). (B) Digital elevation
model (DEM; GLO-30 provided by Open Topography through the public AWS S3 bucket) of Lake Hulun and its
main drainage network. The red dots represent the locations of meteorological and hydraulic stations. (C) A
zoomed-in DEM of the appendix lake of Lake Hulun. (D) A satellite image captured from EsriChina (Environmen-
tal Systems Research Institute) of the cuspate foreland in 2010. (E) Windrose diagram of the non-frozen days from
2011 to 2020, recorded by the New Barag Right Banner station.

0.3°C, with significant seasonal amplitude rang-
ing from —21°C in January to 20°C in July. The
frozen period of Lake Hulun is from October to
March, during which the ice cover progressively
develops from the margins to the lake centre
until the lake is completely ice-bound (Cai
et al., 2016; Ao et al., 2020). The area experi-
ences an annual average precipitation
of 290 mm, with more than 80% occurring dur-
ing June to September (Cai et al., 2016). Evapo-
rative water loss represents the predominant

hydrological egress pathway from Lake Hulun,
with river discharge, groundwater influx and
direct precipitation collectively replenishing the
system at a proportional ratio of approximately
5:3: 2, respectively (Sun et al., 2018).

Littoral landforms

A comprehensive geomorphological and sedi-
mentological analysis of the littoral landforms
surrounding Lake Hulun has been systematically
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documented through integrated satellite imagery
interpretation and field investigations (Wang
et al., 2024). These observations provide critical
ground-truth validation for the modelling work
in this paper.

A series of spits occurs around the shoreline
of Lake Hulun, of which the most prominent
ones (4-7 km in length) can be found near the
semi-enclosed bay situated in the southern cor-
ner of the lake (Fig. 1C). These spits show char-
acteristic recurved terminations with associated
salt marsh development in their lee. A cuspate
spit is located along the central section of the
north-western shoreline. This cuspate spit com-
prises a sequence of beach ridges spanning
1 km in width (Fig. 1D). The morphology
exhibits asymmetrical development with a short
erosional side and an elongated depositional
side, preserving evidence of progressive shore-
line progradation (Wang et al., 2024). Several
wave-dominated deltas fed by braided rivers
originating from the north-western valleys also
developed on the north-western shore (Fig. S1A
and S1B). The south-eastern shore is character-
ized by a wide-open floodplain (Fig. 1B). A lat-
erally extensive beach develops along the south-
eastern coast of the lake, oriented perpendicular
to the incoming waves (Wang et al., 2024). A
barrier island also appears in the estuary area of
Xinkai River (Fig. S1C). The littoral landforms
described above demonstrate the dynamic
nature of lake coasts in response to wind-
induced waves. In addition, aeolian deposits are
predominantly developed along the eastern
shoreline in the form of a kilometre-wide
coastal dunes system (Wang et al., 2024). The
extension direction of these dunes indicates a
dominant north-westerly wind regime
(Fig. S1E).

PRINCIPLES AND METHODS

Delft3D model description

This study utilizes the Delft3D (v4.04.01), an
open-source software package developed by Del-
tares (Delft, The Netherlands), to simulate
hydrodynamics and non-cohesive sediment
transport in Lake Hulun (Lesser et al., 2004).
The hydrodynamic module (Delft3D-FLOW)
solves the three-dimensional incompressible
Reynolds-averaged Navier—Stokes (RANS) equa-
tions and is coupled with the third generation
Simulating Waves Nearshore (SWAN) wave
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model which incorporates wave processes and
wave-induced bed shear stresses responsible for
sediment resuspension (Deltares, 2021). The
SWAN model, which solves the discrete spectral
balance of action density, was used to simulate
wave generation and propagation (refraction and
shoaling) in Lake Hulun. The effects of wind
growth are added to the simulation and are com-
bined with the effects of wave dissipation due
to whitecapping, bottom friction and wave
breaking. The computed wave field is coupled
to the FLOW module through a ‘communication
file’, ensuring a dynamic two-way wave-current
interaction (Deltares, 2021). The non-cohesive
sediment transport is simulated following the
formulation of Van Rijn (2007a), and is fully
coupled with the hydrodynamics in the FLOW
module.

Data acquisition

Bathymetry

The yearly water level fluctuation of Lake Hulun
from 1992 to 2022, derived from satellite altime-
try data, is recorded in the Hydroweb database
(https://hydroweb.theia-land.fr/), which was cre-
ated by LEGOS (Laboratoire d’études en
Géophysique et océanographie spatiales). The
elevation of the water level ranges from 539.5 to
545.5 m (Fig. 2A), documenting a minimum of
6 m variation in water depth.

The Copernicus Digital Elevation Model
(GLO-30) was applied to draw the contours of
the water—land region with incomplete coverage
of the lake and catchment at the water level of
543 m (Fig. 1B and 1C). A local depression
(depth centre) exists towards the deeper area of
Lake Hulun, where its depth and location are
uncertain due to sparse data. The location of
the depth centre was set initially according to
the study by Fan et al. (2021) who obtained the
depth contours using an autonomous surface
vehicle (ASV), indicating a maximum water
depth of approximately 8 m. Finally, a complete
bathymetric map was weaved for the simulation
work in this study (Fig. 3A).

River discharge

The Krulen and Urshen rivers are the main con-
tributors of the discharge input to Lake Hulun.
The inflows from these rivers are limited due to
low precipitation. According to the records from
hydrological stations of Alatanemole and Kun-
duleng (see locations in Fig. 1B), which repre-
sent the discharge into Lake Hulun from the
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Fig. 2. (A) Water level from 1992 to 2022 with 95% confidence interval. (B) Daily-averaged wind speed (grey line)
and monthly-averaged wind speed (red line) for non-frozen days from 1958 to 2021. (C) Wind speed from April to
September 2020, and the simulated bottom flow speed in the depth centre (Point B, see location in Fig. 3) under
daily averaged wind velocity (Scenario 2a). All wind data are recorded at New Barag Right Banner Station.

Krulen and Urshen rivers, the mean annual dis-
charge, respectively from the two largest rivers,
was 198 m®/s for Urshen River and 172 m®/s for
Krulen River. An artificial dam is located
upstream of Xinkai River to adjust the water
level in a stable range (Fig. S1D).

Physical conditions

The salinity ranges between 1466 and
2395 mg/L from 1999 to 2011 (Gao et al., 2017),
which is close to the freshwater standard
(1000 mg/L). Lake Hulun is controlled by mon-
soons from the Mongolian Plateau and the
North Pacific Ocean (Li et al., 2021). The pre-
vailing wind direction around Lake Hulun dur-
ing the non-frozen season is north-west with
average velocities of around 3 to 6 m/s (Figs 1E
and 2B). Grain-size analysis from Sun
et al. (2018) revealed that the sediment bed of
Lake Hulun consists mainly of fine-grained silts
to very fine-grained sands.

Model setup

Table 1 presents a list of key modelling para-
meters defined in the simulation scenarios. The
Lake Hulun area is represented by a structured
grid with equal-sized cells of 450 x 450 m
(Fig. 3A). A total of 20 o-layers were used to
define the vertical water column, of which the
thickness proportion is 2% for each of the sur-
face and bottom, and 6% for each of the middle
12 layers. Thus, the maximum o-layer thickness
is 0.48 m. The model has a timestep of 30 s, and
is coupled with the wave field in every 2 h. To
ensure the orthogonality between the lake shore-
line and the model grids, a counter-clockwise
rotation of 37° is applied to the grid model of
Lake Hulun. All corresponding wind direction
inputs are also compensated by a similar rota-
tion of 37° in alignment with the grid model.
Two input boundaries are set at the river mouth
of the Krulen and Urshen rivers, which are forced
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Fig. 3. (A) Complete bathymetry of Lake Hulun and the grid information. Red dots (‘A’, ‘B’ and ‘C’) are simula-
tion observation points. (B) Boundary conditions for all scenarios and the simulation result of Scenario 1. The
white arrows represent flow vectors, which show consistent patterns through all vertical layers.

by a total discharge of 198 and 172 m®/s, respec-
tively (Fig. 3B). Both input boundaries have a uni-
form suspended sediment concentration of
1 kg/m® over the simulation. A water-level bound-
ary was imposed at the outflow point of Xinkai
River so that water does not overflow out of the
lake under the continuous inflows of the Krulen
and Urshen rivers. The yearly mean wind velocity
in the study area is 4 m/s (1960-2021), with daily
maximum velocities frequently reaching 12 m/s
(Fig. 2B). A uniform wind speed of 12 m/s, repre-
senting a commonly observed extreme wind con-
dition around Lake Hulun, is implemented in the
baseline scenarios to ensure sufficient bed shear
stress for sediment mobilization while maintain-
ing realistic environmental parameters.

Three observation points were set up in the
model (Fig. 3A). Given that Lake Hulun approxi-
mates freshwater conditions, salinity effects were
not included in the model. The temperature dif-
ferences both inside the shallow waterbody and
between the lake and the inflowing waters are
negligible, thus temperature-induced density var-
iations were also excluded from the model. The
initial bed thickness of the lake substrate is 1 m,
composed of non-cohesive sediments with the
D50 as 100 pm, which correspond to very fine-

grained sands. The physical properties of the
input sediment are parameterized identically to
the bed substrate. The lake floor roughness is
implemented by the Manning formulation using
a uniform value of 0.03 s m"""?, which is con-
sidered as the representative value for a natural
system with sands and vegetation (Arcement &
Schneider, 1989). The bottom friction is defined
in the SWAN model by the JONSWAP model
(Hasselmann et al., 1973) with a bottom friction
coefficient of 0.067 m*/s®. A spin-up time of
720 min is set for each simulation before morpho-
logical updating begins. During this time interval,
there are no morphological changes. The wave
processes are implemented by using the third-
generation Simulating Waves Nearshore (SWAN)
wave model (Booij et al.,, 1999) coupled to the
Delft3D-Flow module.

Scenario design

A series of scenarios were designed and grouped
into four sets, each focusing on a different vari-
able, including wind condition, bathymetry,
shoreline configuration and hydrodynamic time,
to test the sensitivity of each variable on the
hydro-sedimentary dynamic response. Each
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Table 1. Key parameters for simulation.

Parameter Value
Timestep 30 s

Grid cell dimension in Mand N 450 x 450 m
o layers 20

Sediment grain size (D50) 100 pum
Initial bed thickness 1m
Hydrodynamic time Four days
Morphological scaling factor 1

Spin-up time 720 min

Manning coefficient

0.03 sm~ 3

Turbulence model K-¢

Horizontal eddy viscosity 2 m?%/s
Horizontal eddy diffusivity 0.7 m*/s
Sediment transport formula TRANSPOR2004

Specific bed density of sediments

Dry density of sediments

(Van Rijn, 2007a)
2650 kg/m®
1600 kg/m®

Wave-related bed-load transport 0.2
factor
Wave breaker index 0.73

scenario is described in detail below and summa-
rized in Table 2.

Scenarios with variable wind conditions

To assess the impact of wind on the flow circu-
lation of Lake Hulun and its effects on sedimen-
tation pattern, this scenario group uses multiple
wind conditions, starting from Scenario 1 (S1)
without wind influence. Scenario 2 (S2)
included wind influence with a wind direction
of 315°, perpendicular to the long-axis shore.
Three subsequent rotations of a 22.5° interval in
both the clockwise and counter-clockwise direc-
tions were applied, making up a total of seven
distinct wind direction scenarios (from
south-west to north-east: 247.5°, 270°, 292.5°,
315°, 337.5°, 0°/360° and 22.5°). The wind direc-
tion is kept at 315°, with variations in wind
speed from 6 to 18 m/s set for Scenario 3 (S3).

Scenarios with variable bathymetry
To assess the sensitivity to bathymetric uncer-
tainty and to compare the circulation patterns

produced by different bathymetric maps, three
further experimental scenarios were created
(S4a—S4c), following up on the earlier scenario
groups with a constant bathymetric condition.
Initially, a new bathymetric map with two depth
centres according to Li et al. (2013) was inserted
into Scenario 4a. Then, Scenario 4b was imple-
mented with a deepened depth centre, which
has a maximum water depth of 15 m. The final
Scenario 4c exhibited an overall increase in
water depth throughout the entire lake.

Scenarios with simplified shoreline shape

To assess the impact of irregular shoreline mor-
phology, an idealized lake model with rectangu-
lar shoreline and bathymetric gradients are
created for Scenario 5. The water depth and
fetch distance are based on the Lake Hulun
model. The wind direction is coming from the
east (270°) and perpendicular to the long-axis
shoreline in Scenario 5a. Due to the irregularity
of lake shorelines in the real world and the
hourly changes wind direction, it is necessary to
consider the circulation pattern for non-
idealized wind scenarios. Therefore, oblique
wind directions (315° and 337.5°) are also
inserted into Scenarios 5b and 5c.

Scenarios with half-year hydrodynamic time
To investigate the cumulative sedimentation and
erosion generated by wind-driven flow circula-
tion on a long-term scale, two scenarios with a
half-year simulation period are designed. Firstly,
the daily maximum wind velocities from April
to September 2020 are implemented in Scenario
6a to examine the effects of shifting wind condi-
tions on the hydrodynamics and sedimentation
of Lake Hulun. Additionally, a constant wind
field is implemented in Scenario 6b to reflect
sedimentation processes under prevailing wind
influence.

RESULTS

Wind variations

Scenario without wind input (Scenario 1)

Without winds, a counter-clockwise flow circu-
lation develops in the lake (Fig. 3B), which is
consistent for each vertical water layer. Only a
small region near the river-mouth area of both
the Krulen and Urshen rivers exhibits slightly
higher velocities, whereas other parts of the
water body have very low velocities (<0.05 m/s).
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Table 2. Settings for each scenario group.

Scenario Bathymetry Wind direction Wind speed
S1 One depth centre in the north / /
(according to Fan et al., 2021)
S2 a One depth centre in the north 22.5° 12 m/s
(according to Fan et al., 2021)
b 360°/0°
C 337.5°
d 315°
e 292.5°
f 270°
g 247.5°
S3 a One depth centre in the north 315° 6 m/s
(according to Fan et al., 2021)
b 9 m/s
¢ 15 m/s
d 18 m/s
S4 a Two depth centres 315° 12 m/s
(according to Li et al., 2013)
b Deepened depth centre
¢ Overall depth increase
S5 a Simplified bathymetry 270° 12 m/s
b 315°
C 337.5°
S6 a One depth centre in the north Daily maximum wind speed for six months
i F t al., 2021
b (according to Fan et al., ) Wind same as Scenario 2d for six months

This flow pattern results in an overall very low
suspended sediment concentration (SSC) across
the lake, with the exception of the immediate
vicinity of the Krulen and Urshen rivers
(Fig. 4A).

Scenarios with variable wind directions
(Scenario 2, a-g)

Imposed wind fields have a direct impact on the
directions and velocities of simulated flow
velocities in Lake Hulun and as such on the
simulated suspended sediment concentrations
in the water column. The simulated counter-
clockwise rotating flow observed for Scenario 1
is overprinted by a strong surface and bottom
flow for Scenario 2 (Fig. 5). Surface flow direc-
tion in the lake centre aligns with the wind
direction in the upper 1 to 2 m of the water col-
umn. There is a clear bottom return flow in the

opposite direction of the surface flow of up to
6 m thick, depending on the local lake depth. A
reduced-flow layer separates the opposing sur-
face and bottom flow (Fig. 6B). Simulated
surface and bottom currents scale in their veloci-
ties with the imposed wind velocities, and are
typically lower than 0.1 m/s for wind velocities
below 12 m/s. However, they may reach
0.25 m/s for wind velocities of 18 m/s.

Overall, near-shore and shore parallel currents
are significantly faster (0.25 m/s or higher) than
currents in the lake centre, away from the lake
shores. Surface flow velocities along the upwind
shore are higher than the downwind shore when
the wind direction is nearly perpendicular to
the downwind shore (Fig. 5B to D). Complex
flow patterns also arise in the semi-enclosed bay
in the southern part of Lake Hulun (Fig. 5A
to C), for conditions when the wind directions
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Fig. 4. Spatial distribution of suspended-sediment concentration at the bottom layer (layer 20) in (A) Scenario 1
and (B) to (H) Scenarios 2a to 2g. Grey arrows indicate the residual sediment transport direction.

range from 22.5° to 315° (S2a-S2d). Here, the
flow velocity can also reach up to 0.25 m/s,
especially when the wind direction is oblique to
the long-axis shore (S2c).

As the wind direction changes, the distribu-
tion of SSC at the near-bed layers (represented
by layer 20 in Fig. 4) shift. Overall, the near-bed
SSC shows higher values on the downwind
shore (Fig. 4). When the wind direction is obli-
que to the downwind shore, the upwind shore
also exhibits higher SSC values (up to nearly
15 g/m®, Fig. 4B, 4C, 4D, 4G and 4H) than that
shown in Scenarios 2d and 2e (Fig. 4E and 4F).

The depth centre, which is located in the
northern part of the lake, reduces the velocity of

surface currents but increases the velocity of
bottom currents, especially when the wind
direction is nearly parallel to the long-axis
shore. Contrary to the discernible influence of
the depth centre on hydrodynamics, the SSC
remains unaffected by the presence of a depth
centre (Fig. 4).

Scenarios with variable wind velocities
(Scenario 3, a-d)

To better understand the consistency of flow
patterns for varying wind velocities, the rela-
tionship between wind force and flow behaviour
was also tested. For a wind direction of 315°,
which is perpendicular to the downwind shore,
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figure corresponds to layer 16.

the flow velocity of both surface and bottom cur-
rents varied sharply (Fig. 6D to G). Overall, the
circulation pattern remains similar in the cross-
sectional views (Fig. 6A to C). However, as the
wind speed increases, the difference of surface
flow velocity (represented by layer 3) between
the downwind and upwind shores becomes
more pronounced.

The resulting SSC profiles (Fig. 7) indicate
that, as wind velocities rise from 9 m/s to
18 m/s, the proportion of areas with zero SSC
gradually decreases, while a discernible bound-
ary separates these areas from those with non-

zero SSC. This boundary shifts towards the
upwind shore as the wind speed increases.

Variable bathymetry (Scenario 4, a—)

Simulation results from scenarios with bathy-
metric variations provide insight into the sensi-
tivity of simulated flow patterns on water depth.
The main flow patterns observed in the scenario
with two depth centres (S4a) are similar to those
of Scenario 2d. More specifically, an additional
faster bottom flow developed in the second
depth centre (Fig. 8A). In Scenario 4b where the
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depth centre is increased from a maximum
depth of 8 to 15 m, the impacts of the depth
centre on flow velocities are further amplified
(Figs 8B and 9B). Scenario 4c simulates an over-
all increased water depth throughout the entire
lake instead of solely the depth centre as in Sce-
nario 4b (Fig. 8C). In this scenario, surface cur-
rent velocities are faster than those in the
scenario with original bathymetry, but bottom
current velocities only show minor changes
(Figs 8C and 9C).

Vertical structure of hydrodynamic profiles
from Scenario 4 are shown in Fig. 9A to C.
Although changes were applied to the bathyme-
try, the hydrodynamic profile is almost constant
with Scenario 2d featured by the original bathym-
etry (Fig. 6A to C). The bottom current takes up
the largest proportion of the depth profile and is
overlain by a reduced-flow zone, while the

surface current occupies the smallest portion of
the water column. However, the thickness of bot-
tom currents increases as the water depth has
been deepened (Fig. 9B and 9C). Additionally,
the deepened depth centre in Scenario 4b, is
characterized by locally faster bottom currents
when compared to the shallower depth centre in
Scenario 2d (Figs 5C and 9B).

The SSC profile for the depth centre in Sce-
nario 4a (Fig. 9D) is nearly equal to that in
Scenario 2d (Fig. 7B) although they have differ-
ent depth centre locations. As shown in Fig. 9E,
however, the SSC boundary does not reach the
depth centre and is limited only to the eastern
nearshore zone (S4b). Similarly, the SSC
remains confined to the shallow water area
along the south-east coast in Scenario 4c where
the overall depth of the lake basin is increased
(Fig. 9F).
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Simplified shoreline shape (Scenario 5, a—c)

To assess the impact of shoreline rugosity on
flow conditions in Lake Hulun, a scenario using
a simplified rectangular lake outline was imple-
mented (Fig. 10A). A wind speed of 12 m/s was
simulated that led to near-shore surface current
velocities surpassing 0.25 m/s (Fig. 10B). For a
wind direction that is exactly perpendicular to
the long-axis shore (270°, S5a), two flow circula-
tions developed at either side of the lake ends
(Fig. 10C), together with sediment transport
along the short-axis shores (Fig. 10D). Eastward
surface currents in the central part of the lake
slow down sharply as they approach the
downwind shore, encountering a return current
originating from the shore (Fig. 10B). Bottom
currents maintain a consistent flow direction at
the central part of the lake (Fig. 10C). The down-
wind shore is mainly dominated by onshore-
directed sediment transport, but the sediment
transport direction gradually diffuses towards
both the northern and southern lake ends
(Fig. 10D). In addition, the most intensive sedi-
ment transport occurs at the north-east and
south-east corners where sediments divert back
towards the lake centre.

When the wind direction is oblique to the
long-axis shore (S5b-S5c), surface currents
developed around the shoreline are faster than
the central part of the lake, while the fastest bot-
tom current only occurs at the eastern shore

0 5 10 15 20 25
Distance along cross-section (km)

0 5 10 15 20 25

(Figs 10B, 10C and S3). At the bottom layer, a
fast flow (over 0.15 m/s) develops in the oppo-
site direction of the prevailing wind direction
where longshore currents converge (Figs 10C
and S3B). Sediment transport is dominated
along the downwind shores, especially at the
south-eastern corner (Fig. 10D).

Extended hydrodynamic time (Scenario
6, a-b)

Results for long-term sediment erosion and
accumulation are represented by Scenarios 6a
and 6b with half-year simulation periods. With
a shifting wind field in Scenario 6a, occurrence
of sediment erosion and accumulation can be
observed along the entire shoreline (Fig. 11A).
Compared with the nearshore zone where ero-
sion and sedimentation have a tendency to
reach a state of equilibrium, net sediment accu-
mulation is observed for the depth centre
(Fig. 11C).

In the subsequent simulation (S6b), which set
a constant easterly wind direction, sediments
mainly accumulate along the western shore
(Fig. 11B). Sediments primarily accumulate in
the nearshore zone where, respectively, the
proximal and distal cumulative sedimentation
are about 0.25 m and 0.1 m thick (Fig. 11D).
The area between these nearshore depositional
bands shows net erosion. In addition, two

© 2025 International Association of Sedimentologists, Sedimentology

85U80 |7 SUOWIWIOD AIea1D) 3|qedl|dde au3 Aq peuienob are Sapoile YO ‘@SN JO SB[ o ARG 8UIIUO A8|IA UO (SUO I IPUOO-PUE-SWULIBYW0D A8 1M Ae.d 1 )BUI|UO//SANL) SUORIPUOD PUe W8 | 8U1 89S *[G202/20/TT] Uo ArigiTauliuo /8|1 ‘HPA A1seAIuN eoluyde L Aq G9ZET PeS/TTTT 0T/I0p/W00 A3 1M Areiq | jpuljuo//Sdiy Woiy pepeojumoq ‘0 ‘TE0ESIET



14 X. Xue et al.

© 9
3 & y=165
= 0‘ (Fig.9A,D)
®
Q
(2]
 |B
y=140
(Fig.9B,E,H)
Q2
<
2
©
c
("]
(2]
n
-
|| 14
y=140 B2
(Fig.10C,F,I) £
< B0
$ 5
o c W8
2 £
P = He
8 om
(7 4
2
|| 0

Bathymetry map Surface current |

Wind direction

N

0.15

0.05

Velocity magnitude (m/s)

Fig. 8. Bathymetric maps, hydrodynamics of surface currents and bottom currents in (A) Scenario 4a with two
depth centres. (B) Scenario 4b with a deepened depth centre. (C) Scenario 4c with an overall increased depth.

elongated  sediment accumulations  were
observed in the offshore zone (Fig. 11D).

INTERPRETATION

Wind-driven hydrodynamics of the Lake
Hulun model

The results indicate that flow circulation pat-
terns of Lake Hulun are sensitive to wind direc-
tions (Fig. 5), but less sensitive to changes in
wind speed (Fig. 6). Observations for Scenario 2
further indicate that flow patterns adjust to new
wind directions within 12 h (Fig. 5). All scenar-
ios with wind waves exhibit consistent surface
and bottom currents with opposite flow direc-
tions at the central part of Lake Hulun. Through

wind friction on the lake surface, the winds can
generate waves and stable surface flows that are
aligned in their directions. The wind-induced
waves approaching the shore can generate
orbital motion which can create return flows
near the bottom layers. This return current can
be further enhanced by the water level set-up.
The hydrodynamic profiles of Lake Hulun also
exhibit a downwelling process that occurs along
the downwind slope (Fig. 6A to C). The return
flows then move westward along the lake floor,
spreading across the entire lake.

The flow velocity of the surface layers along
the upwind shore is higher than the downwind
shore when the wind is perpendicular to the
long-axis shore (Figs 5 and 10B). The authors
suggest that this may be caused by currents
sourced from return flows in the bottom layers
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that surge upward towards the surface layer on
the upwind side of the lake (Fig. 6A to C), ulti-
mately forming a complete vertical flow circula-
tion. This flow circulation only focuses on the
vertical boundaries and lateral slopes, but has
little influence in the middle portion of the
water column. Such a reduced-flow zone within
the flow circulation is probably due to a velocity
gradient induced by the friction between the
surface and bottom layers with opposite flow
directions.

Longshore currents also emerge where wind
waves obliquely approach the shore due to the
wave-breaking process (Longuet-Higgins, 1970).
Unlike the central part of the lake where sur-
face and bottom currents have opposite flow

directions, the longshore current is character-
ized by a consistent flow direction in the verti-
cal profile, represented by layer 3 and layer 16
(Fig. 5). Cross-shore currents are limited within
3 km from the shoreline (Fig. 12A). Where
longshore currents converge (for example, in
the south corner of Lake Hulun), a strong jet-
like return current flowing towards the lake
centre develops (Fig. 5A to C). This phenome-
non is unlikely to be generated by the unique
shoreline shape of Lake Hulun because such a
jet-like return current is also exhibited in the
scenario with a simplified shoreline shape
(Figs 10C and S3B). Such ‘jet-like’ return cur-
rent forms when opposing longshore currents
meet, creating an intensified offshore-directed
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Fig. 10. (A) Bathymetric map for scenarios with an idealized shoreline. (B) Hydrodynamic characteristics of sur-
face currents in Scenarios 5a and 5b. (C) Hydrodynamic characteristics of bottom currents in Scenarios 5a and 5b;
(D) Total sediment transport magnitudes (cm®/s/m) and vectors in in Scenarios 5a and 5b. (E) Three-dimensional
schematic diagram of flow circulation. Red and green arrows indicate surface and bottom flows, respectively; blue

arrows indicate upwelling and downwelling flows.

flow that transports water and sediments back
towards deeper water.

Bathymetric-influenced hydrodynamics of the
Lake Hulun model

The depth centre in scenarios of Lake Hulun
slows down the surface current and speeds up
the bottom current. This phenomenon can be
interpreted by the Bernoulli principle, where
the flow tends to bypass the deeper area with
relatively higher water pressure. The effect from
the depth centre becomes more obvious in Sce-
nario 4b with a deepened depth centre com-
pared with the original bathymetry (Fig. 8B). As
the surface currents slow down above the depth
centre, the bottom currents must accelerate to
compensate for the conservation of momentum.
Therefore, the flow behaviours at the central part

of the lake will be influenced by changes in the
characteristics of the depth centre (for example,
amount, location, depth value) as shown in
Fig. 8A and 8B. However, the longshore currents
and the jet-like return currents at the nearshore
areas are consistent between Scenario 4 with
varied bathymetry and other scenarios with orig-
inal bathymetry.

When the overall water depth is changed
from a maximum of 8 m to 15 m (S4c), the cir-
culation pattern at the bottom layers (repre-
sented by layer 16) remains approximately
consistent. However, flow velocities at the sur-
face layers (represented by layer 3) in Scenario
4c are higher than those in relatively shallower
scenarios. It was noticed that surface currents
above the reduced-flow zone are always in the
upper 1 to 2 m of the water column in every
scenario regardless of the difference in
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(D) Scenario 6b. (E) Time-series plot of maximum bed shear stress in observation points (see locations in

Fig. 11A).

simulated bathymetry (Fig. 9A to C). This is
due to the exponential decay of turbulent
energy transmitted from the winds to the water-
body (Fig. 9G to I). Wiiest et al. (2000) demon-
strated that more than 80% of mechanical
energy is dissipated in the upper 1.7 m of the
water column before it reaches the strongly
stratified hypolimnion. Overall, the acquisition
of a high-resolution bathymetry in the deeper
water zone may be unnecessary when the
hydro-sedimentary dynamics along the coastal
area are studied. That being said, the general
basin morphology significantly influences lake-
wide circulation patterns. For instance, the
presence of dual depth centres produces dis-
tinct deep-water flow structures compared to
the single-centre configuration, while maintain-
ing similar nearshore hydrodynamics (Fig. 9A).

Sedimentary dynamics of the Lake
Hulun model

Under the condition of 12 m/s wind speed with
the original bathymetric map of the lake, com-
bined steady and oscillatory flow (current plus
waves) in the depth centre effectively resuspend
bed sediments into the water column, as indi-
cated by the SSC distribution (Figs 4 and 7).
The relative wave height (Hs/d, where Hs is the
significant wave height and d is the water
depth) has a positive correlation with the sedi-
ment transport when current velocities varied
among 0.1 to 0.6 m/s (Van Rijn, 2007b). Because
of this, a smaller Hs/d value will be created
either by decreasing wind speed (S3a—S3b) or by
increasing water depth (S4b-S4c), resulting in a
negligible SSC value (<0.01 g/m®) in the deep
areas (Figs 7A, 9E and 9F).
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direction is: (A) 270° (B) 315°; and (C) 337.5°. (D) The ratio between longshore transport and cross-shore transport

across the nearshore area (see location in Fig. 12C).

Regardless of whether the wind direction is
perpendicular or oblique to the shore, most sedi-
ments are transported along the downwind shore
where the maximum bed shear stress (observation
point C) is much higher than that in the deep-
water zone (Figs 10D and 11E). This could be due
to the wave shoaling and breaking process in the
nearshore zone which generates sufficient dissi-
pation energy leading to an increase in bed shear
stresses and higher rates of sediment resuspen-
sion (Hilton et al., 1986; Van Rijn, 2013). When
the wind direction is perpendicular to the down-
wind shore, sediments are mainly transported in
an onshore direction (Fig. 12A). The authors
interpret that the onshore-directed sediment
transport is due to the swash process induced by

the asymmetry of the orbital motion of water at
the surf zone where waves completely break
(Fig. 13A). The sediment transport behaviour in
the nearshore area is similar to that in the oceanic
coast where sediments also move in an offshore
direction (Fig. 12A) or along the shore, depending
on the wind direction (Fig. 12B and 12C).

DISCUSSION

Hydro-sedimentary dynamics in Lake Hulun

Under the idealized wind conditions (wind
direction perpendicular to the long axis of the
lake), the circulation pattern for a shallow and
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Carson & Hussey Livingstone type
type circulation circulation

Upwind
shore

Fig. 14. Two types of flow
circulation patterns formed by
unidirectional winds in shallow
lakes: (A) Carson and Hussey (CH-
type) circulation; and (B)
Livingstone (L-type) circulation.

Downwind shore

Sediment \\»,
accumulation\

They lead to opposite flow A B

directions around lake ends and

cause different sediment e >
accumulation patterns. The blue Surface current Bottom current

shade indicates the deeper area . - .

(Redrawn form Ohara et al., 2022). Sediment transport direction

oval lake was first mentioned by Living- the existence of peat and sediment bars near the
stone (1954) when conceptualizing the effective downwind shore (Ohara et al., 2022).
acceleration of currents around lake ends (short- In Scenario 5a with a simplified rectangular
axis shores) by wind-induced return rip currents lake shape, the observed longshore currents at
(L-type circulation, Fig. 14B). Sediments driven the lake end undergo downwelling, forming
by this L-type circulation tend to accumulate on the return bottom current at the deeper zone,
the upwind shore. In contrast, Carson & Hus- (Fig. 10C). The return currents near the bottom
sey (1962) proposed a reverse circulation pattern then surge upward towards the top layer on the
(CH-type circulation), in which the surface flow upwind shore and connect to the longshore cur-
direction around the lake ends aligns with the rent, completing a CH-type circulation (Figs 10E
wind direction. Sediments in CH-type circula- and 13A). Sediments from the downwind shore
tion tend to accumulate at the central part of the are not expected to be transported towards the

downwind shore (Fig. 14A), which can explain central part, as described in the CH-type model
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Fig. 15. Natural examples of lakes with semi-enclosed bays surrounded by spits (highlighted with white arrows):
(A) Southern corner in Lake Buir, Mongolia; (B) Lake Ulungur, China; (C) Lake Uvs, Mongolia; (D) Lake Khyargas,
Mongolia; (E) Lake Kyzylkol, Kazakhstan; (F) Lake Matheson, Canada.

(Carson & Hussey, 1962), but they have simple
onshore and offshore transports (Fig. 10D). How-
ever, in this study, the shoreline setup is not an
oval shape, which may have a significant differ-
ence in its impact when comparing to the CH-
type circulation model.

It is also worth mentioning that the wind
direction will not be completely orthogonal to
the lake shore, due to the irregular shoreline
and variable wind directions in the real world.
As the wind direction becomes oblique to the
shoreline, it generates incoming waves with an
angle of wave approach, which then produces
longshore currents as it flows parallel to the
shoreline, becoming the dominant flow type
(Fig. 10B and 10C). Longshore drifts on the
downwind sides are the dominant mechanism
for sediment transport (Fig. 10D). The intensity
of longshore drift decreases markedly by 5 cm®/
s/m as the wind direction shifts from 337.5° to
315° (Fig. 12B and 12C). Yet the longshore sedi-
ment transport is still about 40 times greater
than the cross-shore sediment transport
(Fig. 12B).

Other than longshore drifts, bottom sediment
drifts in the deeper sections of the lake cannot
be neglected for a sedimentation model of
WWBs. In a combined flow condition (steady
and oscillatory flow), sediment transports are

dominantly dependent on the relative wave
height rather than simply decided by near-bed
flow velocities (Van Rijn, 2007b). For example,
in Scenario 6a with a maximum water depth of
8 m, the maximum near-bed flow velocity at
observation point B is lower than 0.08 m/s
(Fig. 2C), but has a net sediment accumulation
at the depth centre (Fig. 11C). In another exam-
ple, although the near-bed flows reach 0.15 m/s
(Fig. 8B), there are no sediments to be resus-
pended at the depth centre of Lake Hulun with
a maximum water depth of 15 m in Scenario 4b
(Fig. 9B).

Formation mechanism of the semi-enclosed
bay

The semi-enclosed bay in the south-eastern part
of Lake Hulun is bordered by two large spits
(Fig. 1C). A similar shoreline configuration can
be observed in the nearby shallow Lake Buir,
located 80 km away from Lake Hulun (Figs 1B
and 15A). The cause of such lacustrine land-
forms has yet to be studied in detail. Because
these two lakes have the same orientation and
have been influenced by the same prevailing
winds, the authors hypothesize that wind-driven
flow circulations control the development of
such semi-enclosed bays.
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Fig. 16. Conceptual hydro-sedimentation model in the downwind-side corner of Lake Hulun based on simulation

results.

Simulation results of the Lake Hulun model
show that the longshore currents are strongest
when the wind direction is quasi-parallel to the
long axis of Lake Hulun (for example, 22.5° or
247.5°, Fig. 5A and 5E). When the wind direc-
tion is oblique to the long axis of Lake Hulun
(for example, 337.5°), two strong longshore cur-
rents simultaneously develop along the spits
(Fig. 5B). They interact at the bay mouth and
develop a jet-like return current (Fig. 5B). Sce-
narios with a simplified shoreline shape
(S5b-S5c) reveal similar hydrodynamic condi-
tions for the downwind corner (Fig. 11C).

At the convergence point, the combined
energy of both longshore currents leads to higher
rates of sediment resuspension. Interaction of
return currents with local wave action takes the
sediment out into the lake centre leading to
overall coastal erosion in the southern corner,
which effectively over time may become a semi-
enclosed bay, although this process could take
up to millennia. The authors expect that the
semi-enclosed bay in Lake Hulun could become
completely closed off with the continuing
growth of spits at the bay mouth, indicated by
significant sediment transport along both spit
growth directions. However, the offshore-
directed return current is sufficiently strong to
keep the bay mouth open and keep the spits and
the bay in a state of equilibrium (Fig. 16). Such

hydro-sedimentary dynamics may explain the
reason why both Lake Hulun and Lake Buir
could develop semi-enclosed bays at their south-
ern corner. The wind-influenced landforms dis-
cussed here are also observed in many other
cases, including Lake Ulungu in China
(Fig. 15B), Lake Uvs and Lake Khyargas in Mon-
golia (Fig. 15C and 15D), Lake Kyzlkol in
Kazakhstan (Fig. 15E), and even Lake Matheson
in Canada (Fig. 15F).

Implications and perspectives of lacustrine
numerical modelling

Continuous depositional records from the lacus-
trine basin commonly contain complete palaeo-
geographical information, such as local climatic
changes (Hakanson & Jansson, 1983). This study
of Lake Hulun exhibits a net sediment accumu-
lation in the depth centre under a shifting wind
field during a non-frozen period (S6a). A similar
case from Llyn Conwy (Wales, UK) also shows a
patchy distribution of lake sediments within the
deeper areas, which is controlled by near-bed
currents (Morales-Marin et al., 2018). The simu-
lations herein also show that sediments from the
deepest part (8 m depth) of Lake Hulun can be
re-suspended by a wind of 12 m/s velocity
regardless of the wind direction (Fig. 4), indicat-
ing that depositional records will be affected by
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wind-driven currents, and therefore is not a con-
tinuous record. Only when the depth is 15 m
(Scenario 4b) are waves induced by 12 m/s
winds unable to resuspend sediments in the
depth centre (Fig. 9E).

Under prevailing wind influence, the sedi-
ment accumulation pattern is totally different.
Two parallel-distributed sediment accumula-
tions were obtained in Scenario 6b, of which the
distribution patterns and morphological features
are comparable to the bar-trough system in the
nearshore area (Wright et al., 1986; Anthony &
Aagaard, 2020; Isla et al., 2020). Although they
are only several millimetres high, they could
become prominent with longer hydrodynamic
time or with an increase in wind speed. The
presence of a six-month annual frozen period in
Lake Hulun introduces temporal discontinuities
in sediment transport processes. Computational
constraints inherently limit the feasibility of
direct morphodynamic simulation across geolog-
ical timescales (for example, decades, even cen-
turies) without implementing acceleration
methods; while morphological acceleration fac-
tor method (Morfac) (Lesser et al., 2004) has
been widely adopted in contemporary morpho-
dynamic simulations (e.g. Xu et al, 2022; Li
et al., 2023; Valencia et al., 2023, 2024). Despite
the compelling computational advantages
afforded by the Morfac approach, its application
should be rigorously and methodically assessed
prior to its general acceptance in coastal
morphodynamic modelling (Ranasinghe et al.,
2011). Considering the complex non-linear cou-
pling between episodic wind forcing and resul-
tant morphological responses, the application of
the Morfac method in the present wind-driven
shallow lacustrine system may introduce uncer-
tainties. Future investigations would benefit
from a more refined model focused on nearshore
processes, incorporating appropriate Morfac
value to study the long-term development of
depositional features for nearshore bars in lacus-
trine settings.

Numerous studies documented spatial distri-
butions of total organic carbon (TOGC), nutrients
and pollutes that exhibit differences from the
modelled clastic sediment accumulation pattern
herein (e.g. Li et al., 2021; Wang et al., 2023;
Zhang et al., 2024). This spatial disparity dem-
onstrates that suspended matter distribution
within lacustrine systems extends beyond sim-
ple wind-driven hydrodynamic controls. Specifi-
cally for Lake Hulun, its north-western margin
is characterized by elevated vegetation coverage

and enhanced topographic gradients, facilitating
preferential terrestrial organic carbon flux into
this sector of the basin (Li et al., 2021). With lit-
tle availability of data and monitoring (for exam-
ple, detailed bathymetry, wind field or water
profiles) this study utilized a series of simula-
tions to understand the hydro-sedimentary
dynamics of Lake Hulun. When establishing a
model setup, the bathymetric maps are always
a key problem (Zainescu et al., 2023). The
results from the scenarios with different bathym-
etry patterns in this study suggest that a high-
resolution bathymetric map may not always be
needed and that the uncertainty of local depth
centres (for example, locations and depth) has
limited impact on the overall lake circulation
pattern. With access to global geophysical data-
bases, such as Copernicus and HydroLAKES, the
hydro-sedimentary dynamics of other lakes can
also be studied through numerical simulation in
the future, with only basic bathymetry data.
With an increasing wealth of examples and data,
it will then be possible to delve deeper into the
hydro-sedimentary dynamics of diverse lake
types (for example, tectonic and salinity), and to
consider various climatic and environmental
conditions.

CONCLUSION

This study investigated the hydro-sedimentary
dynamics patterns in Lake Hulun, a shallow
wind-driven waterbody (WWB), using six groups
of simulations of varying scenarios. The main
conclusions are as follows:

1 By conducting a comprehensive analysis of
the hydrodynamic characteristics of Lake Hulun
under varying wind directions (ranging from
oblique to perpendicular to the long-axis shore-
line), this study reveals that wind inputs have
great impacts on the hydrodynamics and sedi-
ment dispersal pathways in WWBs. The hydro-
dynamics in WWBs are mainly influenced by
the shift of wind direction, while variation in
wind speed determines the flow velocity and
suspended sediment concentrations (SSC). Sim-
ulated flow patterns and associated sediment
transport closely match coastal features observed
from satellite images of Lake Hulun.

2 By conducting a comparative analysis of the
hydrodynamic characteristics associated with
four different bathymetric maps of Lake Hulun,
this study reveals that variations in the depth
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centres of the lake have low impact on the over-
all circulation pattern. Particularly, the hydrody-
namic features of the shallow water areas, such
as the coastal zones, remain largely unaffected.
High-resolution bathymetric mapping in deeper
water zones is not essential for the study of
hydro-sedimentary dynamics along coastal
areas.

3 When the wind direction aligns perpendicu-
lar to the long-axis shoreline, longshore currents
developed at the short-axis shores, together with
return currents, form a distinctive CH-type cir-
culation pattern at both lake ends. The sediment
transport pattern is in a simple bi-directional
(onshore and offshore) movement at the down-
wind shore. Once the prevailing wind direction
is oblique to the long-axis of the lake, longshore
currents become the dominant flow type along
the downwind shores. The convergence of two
longshore currents generates a jet-like return
flow from the downwind corner, related to the
formation and the equilibrium state of a semi-
enclosed bay.

4 Sediments tend to accumulate in the depth
centre where increasing water depth reduces
wave influence, although enhanced bottom cur-
rents may transport and rework these deposits.
Parallel-distributed bars develop in the near-
shore zone, although their long-term develop-
ment requires investigation through geological
timescale modelling. Long-term simulation faces
inherent constraints from seasonal frozen
periods of Lake Hulun and computational limi-
tations, while applying the Morfac method
requires careful consideration. Recognizing that
acquiring comprehensive datasets faces substan-
tial resource requirements and logistical con-
straints in global-scale lake investigations, this
study demonstrates the efficacy of integrating
open-access databases with systematic numeri-
cal approaches for investigating hydro-
sedimentary dynamics across diverse global lake
systems despite data-sparse conditions.
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Supporting Information

Additional information may be found in the online
version of this article:

Figure S1. (A, B) Wave-dominated landforms at
north-western coast. (C) Barrier island at the river
mouth area of Xinkai River. (D) Artificial dam at the
upstream part of Xinkai River. (E) Beach deposits at
the south-east coast and the aeolian deposits behind
the beach.

Figure S2. Flow circulations at both the surface layer
and bottom layer in (A, B) scenario 3b and (C, D)
scenario 3f.

Figure S3. Flow circulations at both the (A) surface
layer and (B) bottom layer in scenario 5c.
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