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Abstract:

Large reservoirs can considerably alter the water-sediment dynamics and morphology of
alluvial rivers. Here we review the effects of two mega reservoirs operated with different
regulation modes. The Three Gorges Reservoir (TGR) on the Yangtze River has a typical
anti-seasonal regulation mode, while the Xiaolangdi Reservoir (XLDR) on the Yellow River
undergoes a swift drawdown process shortly before the flood season through the Water and
Sediment Regulation Scheme (WSRS). We examine the influence of these regulation schemes
on downstream water-sediment dynamics and find that vast sedimentation occurred in both
the TGR (128.4 Mt/yr) and XLDR (210.2 Mt/yr). The two rivers have experienced different
changes in downstream sediment transport capacity, with coincident flood and sediment peaks
in the Yangtze River but with sediment peaks lagging behind flood flow peaks in the Yellow
River. On the Yangtze River, highly unsaturated flows from the TGR led to widespread
incision downstream, while on the Yellow River, such flows did not induce significant erosion
in the first two years following impoundment. The low annual runoff and high sediment yield
of the Yellow River mean that riverbed erosion occurred mainly when the water discharge and
sediment transport capacity were enhanced by the WSRS. In both rivers, the riverbed eroded
and coarsened downstream of the mega dams, lowering the dry season water level. The
increase in channel roughness maintained or even raised flood season water levels, potentially
increasing flood risk. Sediment budgets reveal that the river segments downstream of the
dams switched from sediment sinks to sources due to riverbed incision. Despite new supply
from downstream reaches, sediment deficits arising from dam interception and other human
activities within the drainage basins have posed significant challenges to the sustainability of
the Yangtze and Yellow river deltas, resulting in lower accumulation rates or even transition
from progradation to degradation in subaqueous areas. In contrast to the anti-seasonal
regulation mode of the TGR, the WSRS of the XLDR has proven very effective at mitigating
reservoir sedimentation and has boosted the quantity of sediment reaching the sea, facilitating
delta stability and coastal sediment replenishment.

Keywords: Reservoir regulation; Water-sediment dynamics; Sediment budget; Channel

adjustment; Reservoir sedimentation; Delta evolution
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1. Introduction

Rivers play a vital role in the development of human society (Macklin and Lewin, 2015;
Wang et al., 2022). Since the emergence of civilization, humans depended on rivers for food,
transport, and energy generation (Nicol& Ruiz et al., 2021; Wang et al., 2022). As industry,
agriculture, and human population have evolved, anthropogenic demands on river systems
have increased, altering fluvial hydrodynamics, biogeochemistry, and river ecology
(Kingsford, 2000; Milliman et al., 2009; Fan et al., 2015; Munoz et al., 2018). A better
understanding of the complex interactions between human activities and rivers is urgently
needed to ensure river sustainability and mitigate the negative impacts of human interference.

Dam construction is one of the most powerful human interventions that can affect a river
system by impounding large quantities of water and sediment, fragmenting the system, and
altering its hydrodynamics (Best, 2019; Grill et al., 2019; Belletti et al., 2020). By 2020, more
than 58,000 large dams (each of height exceeding 15 m) had been constructed, with an
estimated cumulative storage capacity of 7000-8300 km?, accounting for one-sixth of the total
annual water discharge to the oceans (V&G marty et al., 2003; Chao et al., 2008; Mulligan et
al., 2020). Large dams and reservoirs impact on the water-sediment dynamics of their
river-estuary continua downstream. Reservoirs homogenize (regulate) intra-year discharge by
storing water during wet seasons and releasing it during dry seasons (Poff et al., 2007; Chai et
al., 2020). Dams slow down river flow, causing reservoir sedimentations and lowering
downstream suspended sediment concentration (Dethier et al., 2022; Syvitski et al., 2022a).
The unsaturated outflow tries to achieve a new equilibrium sediment concentration by

scouring the downstream riverbed for mobile sediment, thus incising the riverbed (Wang and
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Kondolf, 2014). Left unchecked, scouring is progressive with its distance lengthening. The
effect of reservoirs may even extend to the deltaic area, with the sharp decrease in sediment
supply causing erosion of the submerged delta (Syvitski et al., 2009; Yang et al., 2011;
Anthony et al., 2014).

The most common reservoir regulation mode is anti-seasonal regulation designed for
flood control and downstream irrigation (Nishimura et al., 2005). In rivers with high sediment
concentration and heavy deposition issues, the regulation mode may be adjusted to maintain
reservoir storage capacity and the water-sediment transport capacity of downstream channels
(see e.g. Wang et al., 2005). Reservoirs connected to water transfer projects have regulation
modes designed according to the downstream water demand curve, an example being
Danjiangkou Reservoir, China (Zhang et al., 2009). In more complex river networks, cascade
reservoirs are often regulated to achieve multiple objectives across the entire basin (Zhang et
al., 2015; Jiang et al., 2022; Xu et al., 2022).

Despite the crucial role that reservoir regulation plays in shaping rivers, limited research
has examined the response of downstream river-estuary continua to such regulation modes.
Notably, the Yangtze River and the Yellow River have undergone intensive regulation after
the respective construction of the Three Gorges Reservoir (TGR) and the Xiaolangdi
Reservoir (XLDR). The TGR employs an anti-seasonal impoundment strategy, whereas the
XLDR prioritizes deposition control in both the reservoir and the downstream channel due to
the high suspended sediment content of the river flow. This paper investigates the impacts of
the two mega dams on their respective downstream river-estuary systems by analyzing data

on water, sediment, and underwater topography, collected before and after reservoir
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impoundment. The findings provide valuable guidance for managing river systems and
optimizing dam operations.

2. Background

2.1 Overview of the Yangtze and Yellow rivers

The Yangtze and Yellow rivers discharge more than 2.3% of the world’s total freshwater
and carry approximately 9% of the global sediment load (Yang et al., 2020b; Syvitski et al.,
2022a). They originate in the Qinghai-Tibet Plateau and flow eastward until respectively
entering the East China Sea and Bohai Sea (Fig. 1a). The Yangtze River basin covers an area
of 1.8 < 10° km? has a mainstream length of 6,300 km, and supports more than 385 million
people. The Yellow River basin covers 0.75x 10° km?, has a mainstream length of 5,464 km,
and supports 224 million people (Tian and Yang, 2017). The East Asian monsoon dominates
climate conditions in both river basins, with more than 70% of annual rainfall occurring in the
wet season (Gemmer et al., 2008). However, precipitation is much higher in the Yangtze
River basin (1070 mm/yr) than in the Yellow River basin (450 mm/yr), causing the water
discharge of the Yangtze River to be several times greater than that of the Yellow River.

The Yangtze River is the 5™ largest river worldwide in terms of discharge volume with
an average of ~890 km®yr, and was 4™ largest in terms of sediment load during the
1950s-1980s with an average of ~480 Mt/yr (Milliman and Syvitski, 1992). The Yangtze
River basin is divided into upper, middle, and lower sub-basins at Yichang and Hukou,
respectively. The upper basin is mountainous, whereas the middle and lower basins consist of
vast fluvial flood plains. The mid-lower basin contains three major tributary networks - the

Dongting Lake, Hanjiang River and Poyang Lake water systems - that drain into the Yangtze
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River (see Fig. S1 in the Supplementary Information). Dongting Lake and Poyang Lake both
transport water and act as massive water storage containers that change with the seasonal
landscape. Poyang Lake, the largest freshwater lake in China, covers 9% of the Yangtze River
basin. It joins the Yangtze at Hukou. Downstream of Hukou, the Yangtze River then flows
eastward to the sea without encountering any further large tributaries or lakes.

During the 1950s-1980s, the Yellow River carried on average ~50 km® of runoff and
over 1,000 Mt of sediment to the sea every year (Milliman and Syvitski, 1992; Wu et al.,
2020Db). It is divided geomorphologically into three reaches, with divisions at Toudaoguai and
Huayuankou (Fig. 1a). The upper and middle reaches generate 55% and 45% of the total
runoff in the river basin. However, more than 90% of sediment load comes from the middle
reach (Wang et al., 2007) which passes through the highly erodible Loess Plateau, gaining
more than 1,200 Mt of sediment load annually. This sediment is heavily deposited in the
lower riverbed due to its flat terrain, elevating the channel bed to form an “elevated river”
landscape. No large tributaries join the mainstream in the lower reach.

2.2 Overview of the Three Gorges Dam and the Xiaolangdi Dam

The Three Gorges Dam is the world’s largest hydroelectric project, with an average
annual output of 88.2 billion kW-h. It also acts as a critical water control project, being
located on the upper Yangtze River, about 40 km upstream of Yichang. Its crest stands 185 m
above mean sea level. The Three Gorges Dam commenced operation in 2003, forming the
Three Gorges Reservoir (TGR) with surface area of 1084 km? (Guo et al., 2018). The TGR
spans 756 km upstream from the dam to Zhutuo, and receives water from several river

networks, including the Jialingjiang and Wujiang tributaries (Fig.1b; Tang et al., 2022). It



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

controls a catchment area of 1.0 x<10° km?, or 56% of the entire Yangtze River basin. At first
impoundment in July 2003 the maximum water elevation in the TGR was 135 m. This was
later increased to 156 m in October 2006 and 173 m in October 2008 (Li et al., 2021). The
water level reached its maximum elevation of 175 m in 2010 and has since fluctuated between
145 m and 175 m (Fig. 1c). The total capacity of the TGR is 39.3 km? at its maximum water
level of 175 m and includes 22.15 km? for flood control.

The Xiaolangdi Dam, completed in October 1999, is a project located on the middle
Yellow River, approximately 128 km upstream of Huayuankou (Kong et al., 2022). The dam
controls a catchment area of 0.69% 10° km® (about 92% of the Yellow River basin), and was
primarily constructed for flood control, ice-jam prevention, and sedimentation reduction,
while also providing water supply, irrigation, and power generation (Liang et al., 2016). The
Xiaolangdi Reservoir (XLDR) has a surface area of 296 km? and extends 130 km upstream
from the Dam (Fig. 1d). It has a total capacity of 12.65 km? at peak water level of 275 m (Fig.
1e), including 7.55 km? for sediment storage, 4.05 km?® for flood control, and 1.05 km?® for
water and sediment regulation.

2.3 Operation of TGR and XLDR

Operation of the TGR follows an anti-seasonal water-level regulation schedule, whereby
water is stored during the flood season and released in the dry season (Bao et al., 2015). This
involves (Fig. 2a): a discharge stage (March to May), when the TGR starts to release water
stored during the preceding year, causing the water level to drop from 175 m to a minimum of
145 m; a flood control stage (June to September), when the water level is maintained at a low

level of 145-160 m; and a storage stage (October to February), during which the TGR retains
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incoming water, causing the water level to rise gradually to a maximum level of 175 m. By
contrast, as shown in Fig. 2b, the water level in the XLDR remains high at between 241 and
267 m (near the maximum permitted level of 273 m) from November to the following March.
In late March, the XLDR starts to release stored water for downstream irrigation, resulting in
an outflow that exceeds the inflow. This causes the water level to decrease gradually until it
reaches a low level between 211 and 237 m by July. From late August, the water level rises
back until it reaches the maximum permitted elevation by the end of year.

The main difference between the regulation modes of the TGR and XLDR is the
significant increase in outflow of the XLDR during the pre-flood season, leading to a rapid
drop in water level over a short period of 2-3 weeks (from late-June to mid-July, as depicted
in Fig. 2b). The Water and Sediment Regulation Scheme (WSRS) of the XLDR consists of
separate water and sediment regulation phases. During the water regulation phase (lasting
approximately 10 days), clear water (almost free of sediment) is released from the XLDR,
mimicking a flood wave of maximum discharge ~4000 m®/s. This scours the river channel
downstream of the dam and maintains the flood control capacity of the XLDR. During the
sediment regulation phase which lasts 4-6 days, water retained in the upstream Wanjiazhai
and Sanmenxia reservoirs (Fig. 1a) is utilized to expel sediment that would otherwise be
deposited in the XLDR, thereby prolonging its working life. The resulting highly turbid water
with suspended sediment concentration (SSC) of 60-100 kg/m?®is then released from the
XLDR at a lower water discharge of 2000-3000 m®/s. Ever since its initiation by the Yellow
River Conservancy Committee in July 2002, the WSRS has become a defining feature of

anti-seasonal water level regulation in the Yellow River basin, replacing the once natural
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seasonal rhythm of water and sediment delivery with impulse events generated by

dam-released floods (\Wang et al., 2017).

3. Data and Methods

3.1 Gauged datasets

The datasets include long-term daily and yearly hydrographic records from major

gauging stations along the Yangtze and Yellow rivers (Table 1). Since 1950, sediment samples

and flow discharge data have been collected daily in the Yangtze and Yellow rivers, from

which monthly and annual water and sediment fluxes were determined. The resulting

hydrographic datasets were released by the Ministry of Water Resources of China and are

available from the official websites of the Changjiang Water Resources Commission (CJWRC;

http://cjw.gov.cn/) and the Yellow River Conservancy Commission (YRCC;

http://www.yrcc.gov.cn/).

3.2 Reservoir sedimentation

Annual reservoir sedimentation in the TGR and XLDR was calculated from sediment

fluxes into and out of the reservoirs. Given that the ratio of bed load to total sediment load

entering and leaving each the reservoir is very low (0.02-0.3%; Yang et al., 2014), we assume

that the suspended load represents total sediment load. The annual and monthly reservoir

sedimentation dataset was taken from Liu et al. (2022). Annual and monthly sedimentation

estimates for the XLDR were calculated from sediment loads exiting the Sanmenxia

Reservoir and the XLDR.

3.3 Channel deposition/erosion

Geomorphological changes to the main channel of the mid-lower Yangtze River and

10
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lower Yellow River have been monitored annually by the CJWRC and YRCC since the 1970s.
Based on bathymetric surveys of fixed sections, annual volumes of riverbed change were
inferred as follows. Consider the i-th reach of a river. The volumetric rate of change of the
riverbed material, AVpeq., (M%/yr) for a given water or discharge level is approximated by:

AV = M x I @)

sectoin-i
where AAseciont (M?/yr) is the annual rate of change of area of the i-th cross-section and L; (m)
is the length of the reach. Hence, the total annual rate of change in riverbed material volume,
AVped-totals (m3/yr) for an indicated water level or discharge level is given by:

AV edtorar = Zi DMV peq., - (2)

Changes in river channel volume have been published annually in bulletins describing
the water and sediment load of the Yangtze and Yellow rivers, compiled by the Ministry of
Water Resources, China. We calculated sediment deposition/erosion along the river channel
by multiplying the volume change by the dry bulk density of sediment (1.3 t/m?).

For the lower Yellow River, sediment changes induced by channel deposition/erosion
were determined using the above method to evaluate the impact of reservoir regulation on
channel adjustment. However, the method is not applicable to the mid-lower Yangtze River
which has been experiencing heavy in-channel dredging and sand mining activities (Chen et
al., 2006). Channel deposition/erosion along the mid-lower Yangtze River was therefore
calculated from the following mass balance equation:

Mdeposition = Mupstream + Miibutaries — Mdownstream — Moutlets (3)

where Mgeposition (t/yr) is the annual mass deposition rate in the river reach; Mypsteam (t/yr) and

Muributaries (t/yr) are the combined net annual rates of mass sediment influxes from the upstream

11
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section and tributaries; Mgownsream (t/yr) is the annual mass sediment transport rate in the
downstream section; Mquers (t/yr) is the annual mass sediment rate exiting from lateral outlets.
Note that a negative value for Mgeposition indicates erosion. To estimate sediment delivery from
small tributaries without gauging stations, we use the sediment transport modulus (i.e., mass
sediment yield per unit area of the river basin) of adjacent catchments with similar

geographical conditions extracted from the Changjiang Sediment Bulletin (1998-2016).

3.4 Sediment transport capacity of the Yangtze River and the Yellow River

Zhang (1998)’s formula is used to estimate the sediment transport capacity of the

Yangtze River:

P my
50= k() (4)

where S. is suspended sediment transport capacity (kg/m®), U is flow velocity averaged over
the cross-section (m/s), g is acceleration due to gravity, h is water depth, o is suspended

sediment settling velocity (m/s), and k; and m; are empirical parameters.

The suspended sediment transport capacity in terms of sediment flux (t/s), Q«, is given

by:
0. = S« 0/1000 (5)
where Q is water discharge (m%s).

In the lower Yellow River where sediment concentration is extremely high, we adopt the

following equation (Zhang and Tu, 2005):

0.= k() (2£)" ©

C
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where S, is upstream sediment concentration (kg/m?), Qup is upstream water discharge (m%/s),
B is water surface breadth, w. is suspended sediment settling velocity in cluster (m/s), and k,,

n and m, are parameters.

4. Sedimentation in, and outflows from, the TGR and the XLDR

Reservoirs trap huge quantities of sediment, reducing global reservoir storage capacity
by 0.5-1.0% each year (Kondolf et al., 2014; Schleiss et al., 2016; Patro et al., 2022). Water
and sediment efflux from dams is affected by reservoir regulation and sedimentation. Dam
interception decelerates the flow of sediment-laden water entering a reservoir reach and
reduces sediment-carrying capacity, leading to gradual accumulation of sediment. This results
in an annual global economic loss of 13 billion US dollars due to storage loss (Bhattacharyya
and Singh, 2019).
4.1 Reservoir sedimentation
4.1.1 Sedimentation in the TGR

From 2003 to 2008, a total of 2617.13 Mt of sediment entered the TGR (Liu et al., 2022),
whereas 562.35 Mt of sediment exited the TGR, resulting in net sedimentation of 2054.75 Mt
(78.5% of the total sediment input). The annual sedimentation rate in the TGR ranged from 28
Mt/yr to 196 Mt/yr, with a mean of 128.4 Mt/yr (Fig. 3a). This equated to 0.25% loss of TGR
storage capacity each year and was dominated by variations in sediment influx to the TGR.
From 2003-2012, the sedimentation rate increased from 177 Mt/yr during the initial stage of
TGR operation (2003-2005) to 194 Mt/yr during normal operation after 2008. On completion
of the Xiangjiaba and Xiluodu reservoirs on the Jinshajiang River in 2013, the mean sediment

mass flow entering the TGR decreased from 206.8 Mt/yr during 2003-2012 to 91.6 Mt/yr

13
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during 2013-2018 (Fig. 3a). As a result, the mean sedimentation rate during 2013-2018

reduced to 75.14 Mt/yr, a decrease of 53.2% compared to the 2003-2012 period. Decreased

sediment supply, caused by the upstream cascade of reservoirs, led to a lower observed

sedimentation rate in the TGR than originally predicted. However, the observed trapping

efficiency (TE, calculated as the ratio of sedimentation to total sediment inflow) during the

first decade of TGR operation (2003-2012) was on average 70% higher than predicted (Yang

et al., 2014), increasing from 63% in 2003-2005 to 86% in 2008-2012 (Fig. 3a). TE remained

relatively high at about 85% during the following 2013-2018 period.

About 90% of annual sediment deposition in the TGR occurred during the flood season

(Fig. S2a). This seasonality accords with the pattern of sediment influxes, which are highest

during the flood season from June to September, dominated by the Asian Monsoon climate

(Ren et al., 2021). TE is much higher in the flood season (83%) than in the dry season (76%)

(Liu et al., 2022). Intense deposition occurred in the wide valley region below 145 m

elevation, making up 90.4% of total sedimentation (Ren et al., 2021) where the longitudinal

profile exhibited a disconnected, belt-like deposition pattern (Tang et al., 2021). No deltaic

deposition was observed in the first 16 years after impoundment due to the reduced sediment

inflow (Liu et al., 2022).

4.1.2 Sedimentation in the XLDR

From 1999 to 2018, a total of 6121.1 Mt entered and 1916.2 Mt exited the XLDR,

leading to net sedimentation of 4205.0 Mt (68.7% of the total sediment input). The annual

sedimentation rate in the XLDR ranged from 25 Mt/yr to 687 Mt/yr, with a mean of 210.2

Mt/yr during 1999-2018 (Fig. 3b). This sedimentation represents a significant threat to the

14
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XLDR, given the annual loss of storage capacity of 1. 5%. Meanwhile, the annual TE ranged
from 5.1% to 100%, with a mean of 78.0%. However, the WSRS reduced the TE from 94.5%
(2000-2001, pre-WSRS period) to 76.1% (2002-2018). Since 2002, the WSRS has become
the primary tool for managing sedimentation in the XLDR (J. Chen et al., 2012). During
2015-2017, the WSRS ceased operation due to insufficient water storage in the XLDR and so
the TE reached a peak of 100% (Fig. 3b), meaning that all sediment entering from the
upstream river was trapped behind the dam (Wu et al., 2021a). Excluding these three years,
the average TE during the WSRS was 71.0% (Fig. 3b).

Sedimentation in the XLDR, as in the TGR, exhibited significant seasonal variability,
with 94% of deposits occurring during the flood season (Fig. S2b). The efficacy of the WSRS
in mitigating sedimentation in the XLDR is evident from the monthly distribution of
sedimentation which shows that sedimentation during months when the WSRS was in
operation was much lower than during other flood months (Fig. S2b). About 95% of reservoir
sedimentation occurred within 65 km upstream of the dam. This severe sedimentation caused
a shallow deltaic deposit to form, which subsequently prograded downstream towards the
dam (Wu et al., 2020a), unlike deposition observed in the TGR.

4.2 Outflows from the TGR and the XLDR

TGR and XLDR hydrographs reveal that peak inflow discharges during the flood season
were considerably reduced after reservoir regulations (Fig. 4a,c). Modulation of water levels
can reduce outflow by 20,000 m*/s in the TGR and 3,800 m®/s in the XLDR. These outflow
discharges are generally higher than the inflow discharges during the dry season (Fig. 4a,c),

when the reservoirs release stored water to meet downstream water demand. The management
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strategy for both reservoirs can be summarized as ‘storing water in the wet season and
releasing it in the dry season’. However, operation of the WSRS creates a noticeable
difference between the regulation modes of the two reservoirs (Fig. 4).

In late June, the XLDR generates an artificial flood that rapidly increases the peak
outflow discharge to ~4000 m*/s, which is ~3400 m*/s higher than the corresponding inflow
(Fig. 4c). Although the magnitude of such artificial floods is comparable to or even greater
than that of natural floods, they start earlier in the year and have a shorter duration. Moreover,
the asynchronous delivery of water and sediment during the WSRS differs greatly from the
TGR regulation mode (Fig. 4b,d). The two-stage operation of the WSRS results in high
outflows with extremely low SSC (usually < 0.01 kg/m®) during the water regulation period
and the release of highly turbid water with reduced river discharge during the sediment
regulation period (usually in early July; Fig. 4d). By comparison, the TGR releases exhibit
closer correlation between water discharge and SSC (Fig. 4b). Both rivers present declines in
sediment outflow and reservoir sedimentation after dam operation, whereas the TE remains
relatively stable but fluctuating (Fig. 3). Reservoir sedimentation and sediment outflow
mainly depend on sediment inflow (Pearson’s correlation coefficients, r, between
sedimentation and inflow in TGR and XLDR are 0.94 and 0.69; r values between sediment
outflow and inflow in TGR and XLDR are 0.80 and 0.55, all correlations significant at the
0.01 level). The declines in reservoir sedimentation and sediment outflows in both reservoirs
are due to decreasing trend of sediment inflows, caused by cascade reservoirs in the upper
Yangtze River (Yan et al., 2021) and large-scale soil-water conservation projects in the upper

Yangtze River Basin and the middle Yellow River Basin (Wang et al., 2016; Yue et al., 2016).
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5. Reservoir regulation impact on downstream water discharge and sediment transport
5.1 Downstream water transport impacted by reservoir regulation

The modification of outflows from reservoirs affects the hydrology of downstream river
reaches (Milliman et al., 2008). After TGR impoundment, the downstream daily water
discharge altered significantly (Wang et al., 2020). The anti-seasonal water-level regulation of
the TGR led to an average increase of ~2000 m%s in daily water discharge from January to
April at Yichang, Hankou and Datong, but a decrease of ~6000 m%s during July-November
(Fig. 5a-c). These changes substantially modified the monthly spatial distributions of water
and sediment downstream of the TGR (Fig. S3). Mean runoff during the natural flood season
(May-October) at Yichang, Hankou and Datong decreased by 40.5 km?®, 55.1 km® and 66.5
km®, corresponding to an average reduction of 3.8% at these stations, as seasonal runoff
became more homogenized in the mid-lower reaches of the Yangtze River (Fig.6a,b; Chai et
al., 2020).

Operational times of the WSRS in the Yellow River varied from year to year. Although
the WSRS was typically conducted from late June to mid-July, the start and end dates differed
greatly (Table S1). For example, the WSRS was implemented between June 19 and July 7 in
2011, but from June 29 to July 9 in 2014. Two WSRS cycles were conducted in 2007 and
three in 2010, complicating assessment of their impact on daily flow using average daily
discharge data. To examine the effect of the XLDR on downstream daily discharge, we
analyze data from 1998 and 2008, during which years the total discharges into the lower river
were roughly equivalent. XLDR regulation significantly impacted on the daily water

discharge in the Yellow River, as observed at Huayuankou, Gaocun and Lijin stations (Fig.
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5d-f). River discharge decreased during the natural flood season (July-October) but increased
during the dry season (Fig. 5d-f), controlled by the anti-seasonal regulation of the XLDR.
This has led to homogenization of water allocation between flood and dry seasons along the
lower Yellow River (Fig. 6c¢,d; Chai et al., 2020). XLDR regulation also resolved the
persistent problem of the lower River drying up (Fig. S3), which had become very severe in
the last three decades of the 20th century due to declining precipitation and increased water
consumption (Miao et al., 2010). This is evident from hydrological records at Lijin station,
where the number of no-flow days was 142 in 1998 but has since fallen to zero due to the
XLDR releases in the dry season (Kong et al., 2022). Correspondingly, the contribution of the
natural flood season to annual runoff has decreased by 10.9%, from 64.6% to 53.7% (Fig.
6¢,d), whereas minimum monthly discharge volumes have increased by 0.1 km® at
Huayuankou and 0.2 km?® at Lijin (Fig. S3). Peak discharges at stations downstream of the
XLDR exhibited notably different characteristics to those downstream of the TGR, with the
former shifted to late June (Fig. 5d-f), at least one month earlier than natural flood events
during 1980-1998 (Fig. 6¢,d). This shift was due to the artificial release of water in the lower
Yellow River, resulting in a slight increase in maximum monthly discharge by 0.1 km® at
Huayuankou and 0.3 km? at Lijin in 2003-2018, compared to the 1990s (Fig. S3). It takes four
to six days for the flood wave generated by the WSRS-released water to reach Lijin station
located ~800 km downstream of the XLDR (Fig. 5d,f). As a result, the maximum monthly
water discharge is observed in late June at Huayuankou and early July at Lijin (Fig. 6¢,d).

5.2 Impact of reservoir regulation on downstream sediment delivery

Reservoirs affect sediment delivery by retaining sediment and reducing the amount that
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reaches the downstream channel (Syvitski et al., 2022a). As shown in Fig. 6a,b, the sediment

load at Yichang and Datong has experienced a sharp annual decline since the TGR became

operational. Most sedimentation in the TGR occurred during the flood season, accounting for

nearly 90% of total annual sediment retention (Fig. S2a) and reducing sediment delivery

compared to that in the dry season (Fig. 6a,b). The average sediment load in the flood season

decreased by 420.0 Mt at Yichang and 193.5 Mt at Datong, indicating that the influence of the

reservoir decreased with downstream distance from the dam. It should be emphasized that

these reductions cannot be solely attributed to the dam, given that other environmental factors

- such as fluctuations in precipitation, and soil conservation initiatives - have also contributed

to the decrease in sediment load (Yang et al., 2014). It is estimated that the TGR was

responsible for 79%, 53%, and 44% of the overall sediment reduction at Yichang, Hankou,

and Datong stations respectively (Yang et al., 2018). Similar to the TGR, the XLDR also

caused a significant decline in sediment load downstream due to sediment interception (\WWang

et al., 2007). Following initiation of the XLDR operation, the monthly sediment load at

Huayuankou and Lijin reduced significantly, particularly during the flood season (Fig. 6c,d).

Nonetheless, not all of these reductions can be solely ascribed to the XLDR. By comparing

the decrease in sediment load between the pre-dam and post-dam periods at Tongguan Station

(~250 km upstream of the XLDR; Fig. 1a) and XLDR, it becomes evident that ~80% of the

sediment load decrease in the lower Yellow River is due to natural and anthropogenic factors

upstream of the XLDR, such as the water and soil conservation efforts in the Loess Plateau,

while the remaining 20% reduction is attributed to the closure of the XLDR.

The TGR has resulted in a more uneven pattern of monthly sediment delivery (Li et al.,
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2011), with the July-September percentage contribution of sediment load to total annual
sediment load increasing by 10.3%. By contrast, operation of the XLDR helped even out the
monthly distribution of sediment delivery in the Yellow River (Wu et al., 2021Db), decreasing
the flood season contribution to annual total sediment delivery from 87.0% in the pre-dam
period (1980-1998) to 76.1% in the WSRS decade (2002-2018). The WSRS of the XLDR
also caused a shift in the sediment peak in the lower Yellow River from August to July,
whereas the maximum sediment load in the middle and lower Yangtze River occurred in July
both before and after the dam became operational (Fig. 6).
5.3 Changes in downstream sediment transport capacity

Alternations in the monthly sediment transport patterns of the two rivers can be
explained by changes in sediment transport capacity (S« in kg/m?, or Q- in t/s, see Equations 4,
5 and 6), which are determined from the stream energy and the sediment properties. In an
idealised river, stream energy can be indicated by the U*/h parameter in Equation 4, because
energy is directly proportional to U%/h for constant water discharge, cross-section area, water
density and g. After the TGR was impounded, U%h at Hankou station increased by 11-85%
(Fig. 7a), rising faster than the increase in discharge because the stream energy is sensitive to
the flow velocity cubed. The difference between the highest and lowest values of U%h
converged by 73% due to homogenization of the stream energy. However, the value of U/h at
Huayuankou station of the Yellow River decreased sharply by 69-76% after impoundment of
XLDR, with the intra-annual variation being confined within a smaller range.

As mentioned above, Zhang (1998)’s formula (Equation 4), which relates S« with U/h

and the sediment settling velocity (w), is often applied to the Yangtze River. Fig. 7c,d display
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relative sediment capacity over a typical year. After TGR impoundment, the sediment settling
velocity at Hankou station increased by 23% because the median diameter of the suspended
sediment was 50% larger than before impoundment (Lai et al., 2017). As a result, Qx«
decreased by 2-38% from June to November at Hankou, whereas Q« increased by 2-33%
from December to May due to amplification of U%h (49-84%). In the Yellow River, the
sediment transport capacity, Q. is linked to U%H, w, and the ratio of upstream sediment
concentration to water discharge (Syp/Qup, In kg-s/m°, see Equation 6). Fig. 7d demonstrates
that after XLDR impoundment, Q« decreased by 59-86% throughout the year, owing to the
substantial decrease in U%h. Nonetheless, the Q. peak appeared in July, one month later than
the U/h peak after reservoir regulation (because « in July was 27% smaller than in June).
The relatively slower settling velocity in July can be explained by higher SSC which hinders
sediment particles from falling. In both rivers, the monthly sediment transport follows
changes in monthly sediment transport capacity, indicating that sediment transport capacity
controls the sediment transport processes.
6. Impact of reservoir regulation on downstream channel evolution
6.1 Channel scouring downstream of the reservoirs

Fluctuations in river flow regime and sediment dynamics caused by the operation of
reservoirs can greatly alter erosion and accumulation processes in the downstream channel
(Graf, 2006; Stowik et al., 2018). Although the main channel of the mid-lower reaches of the
Yangtze experienced visible deposition from 1980 to 2002 (Yang et al., 2014), once operation
of the TGR commenced in 2003, the main channel downstream of the TGR started to erode,

with an average annual erosion rate of 61 Mt/yr (Fig. 8a). Sediment load entering the middle
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reach of the Yangtze declined from 461.4 Mt/yr in the pre-dam era to 35.7 Mt/yr (or by 92.3%)
after impoundment of the TGR. This decrease, combined with changes in water inflow, has
resulted in long-distance cumulative scouring along 954.4 km downstream of the TGR (Dai
and Liu, 2013; Lai et al., 2017; Yang et al., 2022).

This long-distance riverbed erosion of the Yangtze River can be explained by the sharp
decrease in sediment concentration (Fig. 8a) that occurred as water flow became starved of
sediment due to operation of the TGR, despite relatively small changes in sediment transport
capacity (Fig. 7c). Channel erosion was most severe near the TGR and decreased with
increasing downstream distance (Yang et al., 2011; Dai and Liu, 2013). The scouring intensity
along the ~500 km reach between Yichang and Luoshan (9.05 <10 t/km/yr) was two to three
times higher than in the Luoshan-Datong reach (Yang et al., 2023b). The riverbed incised by
an average of ~3.7 m from Yichang to Zhicheng, less than 1.0 m from Jianli to Hankou, and
~0.1 m between Hankou and Datong (Lai et al., 2017), i.e., decreasing progressively with
downstream distance from the dam. It should be noted that sand mining and dredging also
contributed to lowering the riverbed, but this effect was not included in the estimation of
sediment equilibrium in the lateral direction (i.e., Equation 3).

After the Yellow River flows through the Loess Plateau, its lower reach is perhaps the
muddiest large river in the world (Milliman and Meade, 1983). The high sediment load and
gentle slope of the lower Yellow River result in significant deposition on its riverbed. Siltation
and artificial levees have also elevated the riverbed, creating perched channels that are 5-8 m
higher than the surrounding plains (Y. Chen et al., 2012). Before construction of the XLDR,

annual siltation in the lower reach of the Yellow River was estimated to be 77.6 < 10° m3/yr
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from 1980 to 1998, equivalent to 100.9 Mt of sediment (with dry bulk density taken as 1300
kg/m?; Fig. 8b). In the first two years of the XLDR’s operation, before implementation of the
WSRS, the lower Yellow River was roughly in an equilibrium state. However, after initiation
of the WSRS in 2002, channel scouring rapidly increased, with mean annual erosion of 119.1
Mt/yr (Fig. 8b). Consequently, a total of over 2000 Mt of extra sediment was eroded from the
lower riverbed, turning the lower Yellow River from a sediment sink that trapped over 100
Mt/yr to a sediment source of ~120 Mt/yr after the WSRS operation (Fig. 8b). Similar to the
mid-lower Yangtze River, the scouring intensity decreased downstream along the main stem
of the Yellow River from 34 x10* t /km/yr in the XLDR-Gaocun channel reach to 15 <10 t
/km/yr in the Gaocun-Aishan channel reach, and dropped further to 9 < 10* t /km/yr between
Aishan and Lijin (Bi et al., 2019).

Unlike the TGR, impoundment of the XLDR did not significantly induce channel
erosion before the WSRS was initiated. As shown in Fig. 8b, although the SSC of water
discharging into the lower Yellow River greatly decreased by 85.8% as soon as the XLDR
was impounded, no obvious channel erosion occurred in the first two years of XLDR’s
operation. During this period, the water energy and sediment transport capacity also decreased
significantly (Fig. 9c). Correspondingly, the river channel’s capacity continued to decrease in
1999 and 2000 (Fig. 9b), suggesting that the anti-seasonal operation mode of the XLDR did
not result in riverbed scouring in the first two years of dam operation. After implementation
of the WSRS, the water energy and sediment transport capacity of the bankfull water
discharge in the flood season increased by a factor of about three (Fig. 9c), resulting in

significant erosion of 129.4 Mt and 294.8 Mt in 2002 and 2003 (Fig. 8b). This led to recovery
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532  of the cross-sectional bankfull area and corresponding bankfull discharge, which reached 82.0%

533  and 83.8% of the 1980s levels, respectively, and a subsequent increase in river channel

534  capacity for discharging water (Fig. 9).

535 6.2 Coarsening of sediment along the downstream riverbed

536 Along with channel adjustment, an erodible riverbed downstream of a reservoir is likely

537  to become coarser due to the selective entrainment of relatively fine particles (Brandt, 2000).

538  Fig. 10a demonstrates that this trend has emerged in the mid-lower Yangtze River since

539  operation of the TGR began. The greatest coarsening was observed in the first ~80 km reach

540  downstream of Yichang (Lai et al., 2017; Zhang et al., 2017). The riverbed sediment shifted

541  from mostly sand-sized to predominately gravel-sized particles each of diameter exceeding 30

542 mm (Yang et al., 2022). This gravel-sand transition appears to have migrated ~70 km

543  downstream by 2021, coinciding with the largest channel incision. Between 100 km and 400

544  km downstream of Yichang, the bedload coarsened, with the degree of coarsening decreasing

545  progressively with distance downstream (Yang et al., 2023b). The main stem more than 400

546  km downstream from Yichang presented an overall coarsening trend, superimposed with

547  alternating coarsening and fining (Fig. 10a). Similarly, continuous erosion of the riverbed

548  downstream of the XLDR has led to a coarsening trend in sediment due to removal of fine

549  particles (Wang et al., 2017). After 1999, the main stem of the Yellow River downstream of

550 the XLDR exhibited an overall coarsening trend, with the percentage of fractions finer than

551 50 um decreasing at key locations along the river (Cheng et al., 2022). The median grain size

552 of bed sediment increased by a factor ranging from 2 to 5 in the downstream river segments

553  (Fig. 10b). Riverbed sediment near the XLDR was particularly affected by pronounced
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coarsening, with the median grain size increasing from 0.05 mm to 0.15 mm between 2002
and 2019 (Fig. 10b). As with the mid-lower Yangtze River, the degree of coarsening has
decreased with downstream distance along the lower Yellow River.
6.3 Spatial pattern of channel erosion intensity coupled with riverbed coarsening

Despite coarsening of riverbed sediment in the mid-lower Yangtze River, the rate of
channel erosion has remained relatively high, indicating that armoring was insufficient to
reduce erosion over the past two decades (Deng et al., 2022). Due to spatial variations in
coarsening, the hotspot of bed scour shifted downstream (Lai et al., 2017). The overall erosion
intensity between Yichang and Datong remained relatively stable at about 5.3 < 10* t /km/yr
allowing for some fluctuation (Fig. 11a). However, erosion intensity in the Yichang-Luoshan
reach gradually decreased from 11.5 %10 t /km/yr in 2003 to 9.1 x10* t /km/yr in 2018 (Fig.
11a), due to continuous coarsening of the riverbed from sand to gravel to pebbles. Meanwhile,
erosion intensity along the channel between Luoshan and Datong increased from ~1.4 x 10 t
/km/yr to 3.8 x 10* t /km/yr (Fig. 11a). This was due to reducing sediment concentration
during 2003-2018 (Fig. 8a) and the increasingly unsaturated river flow (Yang et al., 2023Db).

The lower Yellow River developed an armored riverbed because of coarsening of its
sediment through channel erosion (Miao et al., 2016; Wang et al., 2017). The WSRS-released
flood discharges, which were generally controlled below 4000 m®s for flood security
purposes, made it increasingly difficult for the lower reach to experience erosion (Wu et al.,
2020a). As shown in Fig. 11b, the erosion intensity of the lower Yellow River exhibited a
generally decreasing trend after 2003. During the first six years of the WSRS operation, the

erosion intensity was 85.6 x 10* t/km/yr. However, from 2008 to 2018, the erosion intensity

25



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

decreased by nearly half to 43.3 x 10* t /km/yr. Similarly, the erosion efficiency, defined as
the ratio of eroded sediment volume to water discharge volume, also decreased significantly
from 6.0 to 2.7 due to coarsening of the riverbed sediment (Cheng et al., 2022).

7. Water level change with modified roughness after TGR and XLDR regulation

The response pattern of water level to discharge alters following modification of river
channels due to the impoundment of large reservoirs (Brandt, 2000; Pinter et al., 2008;
Munoz et al., 2018). Such changes have significant implications for flood control, navigation,
and riverine ecology. During the 2003-2016 period, the water level corresponding to low
water discharge decreased along the mid-lower Yangtze River, while the flood water level
increased, for the same discharge magnitude (Fig. 12).

For example, at Yichang station (where the Yangtze River had a typical low discharge of
6,190 m?/s), the water level decreased by 4.98 cm/yr during the 2003-2016 period, whereas
the flood water level increased by 0.42 m with a discharge magnitude of 46,500 m%s. This
decrease in water level observed at low discharge was primarily caused by channel erosion
(Fig. 8a). Yang et al. (2017) estimated that the part of channel below bankfull water level
accounted for 73.2-96.4% of total erosion, whereas the part above bankfull water level
experienced little erosion, or even deposition. The rise in flood water level was mainly due to
increases in riverbed roughness and floodplain vegetation (Li et al., 2020; Chai et al., 2021).
Riverbed incision from 2002 to 2012 caused the median value of the Manning roughness
coefficient of the main channel to increase by 21.4% (Fig. 13a). The amplification ratio of
Manning’s roughness coefficient, defined as the ratio of the pre-impoundment Manning

coefficient to that afterwards, was found to grow with increasing discharge magnitude (Fig.
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13), causing a more rapid increase in bed roughness during the flood season that led to higher
flood water levels. Moreover, the Normalized Difference Vegetation Index (NDVI) of
floodplains along the mid-lower Yangtze River increased by 4.4-31.2% over the past decade
(Hu et al., 2022). This growth in floodplain vegetation contributed to further increase in the
Manning roughness coefficient when the water level was above bankfull stage, and thus
affected the conveyance efficiency of the system, reducing flow velocities and raising water
levels (Li et al., 2020).

The response pattern of water level to discharge in the lower Yellow River is similar to
that in the mid-lower Yangtze River (Fig. 12d and e). With channel erosion induced by the
WSRS, the water level decreased significantly at low discharge magnitude. For example, the
water levels at Huayuankou and Lijin stations in 2018 for a discharge of 2,000 m%s were
respectively 1.8 m and 1.3 m lower than in 1981. Dam-induced riverbed incision and
coarsening established large dune fields in the lower Yellow River, ultimately changing its
roughness structure, flow resistance, and depth (Fig. 13b; J. Chen et al., 2012; Ma et al.,
2022). This caused the flood water level to increase by at least 0.4 m for a discharge
of >3,800 m?/s at Lijin station (determined from empirical equations fitted to the curves in Fig.
12e). Although flood flows exceeding 4,000 m®/s were relatively rare due to reservoir
regulation, they nevertheless occasionally occurred. For example, heavy rainfall in October
2021 produced a flood discharge event of over 5,000 m*/s that lasted for nearly four weeks. In
short, the variation in high water level has increased flood pressure in the lower Yellow River,
and requires immediate attention.

8. Sediment budget of the Yangtze River and the Yellow River affected by regulation of
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TGR and XLDR

Sediment budgets provide a quantitative assessment of the spatiotemporal distribution of

sediment sources, sinks, and fluxes within a specific region and time period (Slaymaker,

2003). Sediment budget analysis has usually focused on suspended riverine particles, because

data are limited on dissolved load and bedload (Richards, 1982). The sediment budget offers a

useful tool by which to study the effect of human interventions in drainage basins (Kesel et al.,

1992; Ldpez-Tarazdn et al., 2012). Previous studies have shown that the interception of

sediment by reservoirs and the release of sediment-free water from dams can significantly

alter the sediment budget of dammed rivers (Kondolf, 1997; Warrick et al., 2015; Piquéet al.,

2017).

8.1 Sediment budget of the Yangtze River downstream of the TGR

Following Yang et al. (2014), we conducted a source-to-sink sediment budget for the

Yangtze River basin in three periods: 1950-1980 and 1981-2002 (pre-TGR construction), and

2003-2018 (post-TGR impoundment). Before TGR construction, sediment from the upper

reaches through Zhutuo Station remained steady (300 Mt/yr during 1956-1980 and 312 Mt/yr

during 1981-2002). However, sediment supplied by surrounding tributaries to the mainstream

decreased from 233 Mt/yr to 138 Mt/yr (Fig. 14a,b). During 1956-1980 and 1981-2002, totals

of 517 Mt/yr and 447 Mt/yr of sediment were discharged into the middle Yangtze River, while

the Zhutuo-Yichang section transformed from a heavily depositional area of 17 Mt/yr to a

weak sediment sink of only 3 Mt/yr. Deposition rates also decreased along the river channel

between Yichang and Hankou (from 70 Mt/yr to 57 Mt/yr) and in Dongting Lake (from 142

Mt/yr to 83 Mt/yr) during the pre-TGR periods. With the mean sediment load passing through
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Datong Station to the sea decreasing from 469 Mt/yr to 372 Mt/yr in the pre-TGR periods, the

lower reach switched from being a sediment source of 14 Mt/yr to a weak sediment sink of 3

Mt/yr (Fig. 14a,b).

Due to the construction of upstream cascade reservoirs and implementation of

soil-conservation practices, the sediment supply to the TGR region through Zhutuo Station

decreased to 121 Mt/yr (Yang et al., 2014; Liu et al., 2022). Sediment replenishment from the

tributaries in the TGR also declined by 62%, to 70 Mt/yr (Fig. 14c). Meanwhile, the TGR

effectively trapped an average of 128 Mt/yr of sediment. As a result, sediment discharged into

the middle Yangtze River through Yichang Station dramatically decreased from 447 Mt/yr to

36 Mt/yr. Due to dam-induced channel scouring, the Yichang-Datong river reach changed

from a sediment sink to a sediment source (Deng et al., 2022), supplying an average of 41 Mt

of sediment per year. Meanwhile, the deposition rate in Dongting Lake decreased from 83

Mt/yr to 2 Mt/yr. These changes have caused the sediment discharge from the Datong to the

sea to decline by 64%, to 133 Mt/yr after impoundment of the TGR (Fig. 14c).

8.2 Sediment budget of the Yellow River downstream of the XLDR

Prior to construction of the XLDR, the Sanmenxia Reservoir discharged an average of

826 Mt/yr of sediment from 1980 to 1993. Most of this sediment (97%) was transported

downstream, with only a small portion (3%, 28Mt/yr) being deposited between Sanmenxia

Reservoir and XLDR (Fig. 15a). Two minor tributaries downstream of XLDR, the Qinhe and

Yiluohe, discharged into the main stem and supplied sediment at rates of 2 Mt/yr and 5 Mt/yr,

respectively. Along the river channel, sediment accumulation was 62 Mt/yr between XLDR

and Huayuankou and 66 Mt/yr downstream of Huayuankou (Fig. 15a). Water abstraction in

29



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

the lower reach led to a loss of 16% of sediment passing Huayuankou. Hence, the total annual

sediment delivery from the Yellow River to the sea, measured at Lijin station, was 571 Mt/yr

before the XLDR was built (Fig. 15a).

The sediment load passing the Sanmenxia Reservoir declined by 57% to 326 Mt/yr after

construction of the XLDR but prior to implementation of the WSRS (2000-2001). This

decrease has been attributed to the construction of upstream reservoirs and implementation of

soil-conservation practices in the Loess Plateau (Wang et al., 2007). Almost 95% of the

sediment load passing the Sanmenxia Reservoir was trapped by the XLDR, leading to a

significant reduction in sediment input to the downstream river channel. From 2000 to 2001, a

mere 17 Mt/yr of sediment escaped the dam (Fig. 15b). Correspondingly, the sediment load

greatly declined to 75 Mt/yr at Huayuankou. The decreased sediment supply caused the river

channel downstream of the XLDR to transition from a sediment sink to a sediment source

(Fig. 8b). An estimated 46 Mt/yr of sediment was eroded from the river channel in the

XLDR-Huayuankou reach and 22 Mt/yr downstream of Huayuankou. During this period, the

sediment load to the sea declined to 18 Mt/yr, a mere 3% of the pre-XLDR level (Fig. 15b).

After implementation of the WSRS in 2002, sediment input from the Sanmenxia

Reservoir to the XLDR further decreased to 292 Mt/yr (Fig. 15c). However, the WSRS

alleviated the severe sedimentation issue in the XLDR. Due to sediment flushing as part of

the regulation process, the trapping efficiency of the XLDR then decreased from 95% to 71%

(Fig. 3b). Unlike the decline in sediment input from the Sanmenxia Reservoir, the sediment

load passing the XLDR rebounded to 85 Mt/yr. Intensified riverbed scouring caused by

sediment-free flood water releases during water regulation resulted in an increase in channel
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erosion downstream of the XLDR, yielding an average erosion rate of 136 Mt/yr (17 Mt/yr
between XLDR and Huayuankou and 119 Mt/yr downstream of Huayuankou), equating to a
total of 2317 Mt from 2002 to 2018 (Fig. 15c). Downstream channel erosion now provides a
major source of sediment from the Yellow River to the sea, outpacing the supply from the
upstream Loess Plateau. Therefore, the WSRS significantly boosted the Yellow River’s
sediment in two ways: (1) reservoir flushing during the Sediment Regulation Period alleviated
the sedimentation issue in the XLDR, leading to more sediment transported to the lower
Yellow River than expected; (2) artificial flood releases during the Water Regulation Period
scoured over 100 Mt/yr along the lower Yellow River to the sea. As a result of the WSRS
implementation, the sediment load to the sea through Lijin station increased to 137 Mt/yr, a
remarkable 8-fold increase from the pre-WSRS era (2000-2001).
9. Delta evolution under the impact of reservoir regulation

As rivers enter the sea, vast masses of sediment accumulate, forming various types of
marine deltas (Wright, 1977). Such deltas are among the most consequential landforms in
terms of ecosystem services and societal utility, and nourish more than half a billion people
through providing fertile soil and abundant natural resources (Giosan et al., 2014; Syvitski et
al., 2022b). Because deltas lie at the interface between rivers and oceans, they are highly
dynamic systems controlled by both fluvial and marine processes (Day and Giosan, 2008).
Delta progradation can only occur when the river-borne sediment supply is both robust and
sustained in order to replenish sediment loss induced by ocean energy and maintain deltaic
landforms (Stanley and Warne, 1993; Kim et al., 2009; Anthony et al., 2014; Syvitski et al.,

2022b). Owing to sediment deficits caused by dam interception and other human activities,
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many of the world’s deltas have transitioned from progradation to degradation over the past

few decades (Blum and Roberts, 2009; Syvitski et al., 2009; Brown and Nicholls, 2015).

9.1 Evolution of the Yangtze River delta after closure of the TGR

The Yangtze River delta, situated on the west coast of the East China Sea, is a

funnel-shaped depositional system that formed because of the abundant fluvial sediment

supply over the past 5000 years (Hori et al., 2001). Today, the Yangtze delta supports 8% of

China’s population and contributes to 15% of China’s gross domestic product (Xu et al.,

2014). Given that the construction of the Yangtze River Economic Belt is one of China’s

national strategies, the sustainable development of the Yangtze River delta has received

considerable attention. As a result, several large-scale engineering projects have been

undertaken in recent decades within the Yangtze River mouth to maintain its geomorphologic

stability (Luan et al., 2016). These projects have caused significant changes to the estuarine

circulation and sediment dynamics, complicating the spatiotemporal evolution of the Yangtze

River delta (Dai et al., 2013; Jiang et al., 2013; Luan et al., 2021). Nevertheless, many

attempts have been made to identify how the deltaic morphology has responded to the closure

of the TGR (e.g., Yang et al., 2011; L&pez-Tarazt et al., 2012; Dai et al., 2014; Luo et al.,

2017).

The sediment load from the Yangtze River to the sea declined from 372 Mt/yr in the

pre-TGR period to 133 Mt/yr in the post-TGR period (Fig. 14), leading to concern that the

delta would retreat. Nevertheless, the shoreline of the delta has continued to accrete seaward

(Yang et al., 2020a; Leonardi et al., 2021; Yang et al., 2021). For example, the seaward edge

of the low marsh area in Eastern Chongming Island, a major component of the subaerial
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Yangtze River delta, has advanced seaward at an average rate of 44 m/yr, resulting in an
increase in marsh area of 1.8 km?/yr over the past decade (Fig. 16a). Engineering projects,
such as jetties and perpendicular dikes in the Yangtze River estuary, have played a critical role
in protecting the subaerial delta (Luan et al., 2016). In eastern Chongming, the seawalls have
been relocated 10 km offshore during the past few decades, effectively preventing the
subaerial delta from being submerged. Moreover, sediment supply from delta-front and
pro-delta erosion has helped maintain the subaerial delta through estuarine regime adjustment
(Wei et al., 2019). Engineering projects, such as land reclamation activities in the estuary,
along with sea-level rise have also increased both the tidal range and tidal prism, reinforcing
sediment supply from subaqueous delta erosion to the intertidal zone (Yang et al., 2020a).
Leonardi et al. (2021) concluded that 90% of the deposition in the marsh areas could be
attributed to sediment supply from the subaqueous delta and ocean zone. In the landward
direction, sediment transport is mainly influenced by tidal pumping, significantly increasing
sediment concentration in the estuarine turbidity maximum zone (Zhu et al., 2022). This, in
turn, enhances onshore sediment transport, particularly during spring tide (Song et al., 2013;
Teng et al., 2022).

In the early years following the impoundment of the TGR, the Yangtze subaqueous delta
also experienced a net accumulation period (Fig. 16b; Dai et al., 2014). Luan et al. (2021)
concluded that this net accumulation was due to the construction of training walls in the
Yangtze River mouth bar area, which attenuated the local hydrodynamics causing sediment to
accumulate in groyne-sheltered areas and their surroundings. Additionally, the anti-seasonal

regulation mode of the TGR has dampened peak flows in the Yangtze River (Figs. 5 and S3),
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thus weakening river momentum and enabling sediment to accumulate in the nearshore area
instead of being discharged into the coastal sea (Zhu et al., 2020). However, as the supply of
riverine sediment continued to decrease, the Yangtze subaqueous delta became increasingly
starved of sediment (Luo et al., 2017). Analysis of sediment transport data from the Yangtze
River delta clearly demonstrates the profound changes in delta evolution that have been
triggered by the TGR. Prior to the closure of the TGR, the Yangtze River delivered 372 Mt of
sediment to the sea annually (Fig. 14b). Simultaneously, approximately 300 Mt/yr of sediment
was carried away from the deltaic area by southward longshore currents, primarily during
storms (Yang et al., 2023a). This resulted in ~72 Mt of sediment nurturing the delta annually,
facilitating delta progradation. After the TGR’s closure, however, the sediment discharge from
the Yangtze River decreased to 133 Mt/yr. This volume was overshadowed by the estimated
~250 Mt/yr sediment transported away from the delta region (Yang et al., 2023a).
Consequently, the subaqueous delta has transitioned to net erosion, with an erosion
volumetric rate of 0.17 km®/yr (Fig. 16b). It is noteworthy that human activities in the deltaic
area, such as sand mining and dredging, also influence delta morphology (Du et al., 2016).
The yearly dredging amount of the Deepwater Channel Project was averaged to be 61.4 Mt/yr
over the past few years, further aggravating the sediment deficits in the Yangtze River delta
(Guo et al., 2021).
9.2 Evolution of the Yellow River delta under the impact of the WSRS

Historically, the Yellow River delta was well known for its rapid accretion of deltaic land,
due to plentiful sediment supply and frequent channel avulsions driven by the perched

(super-elevated) lower river channel Today, the modern Yellow River delta, which covers over
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5,800 km® of new land, is home to more than two million people and is crucial for regional
economic development (including the Shengli Oilfield, the second largest oilfield in China).
However, due to the sharp decline in sediment delivery to the sea caused by dam construction
and soil-conservation practices in the Loess Plateau (Fig. 15), growth of the Yellow River
delta slowed down until finally converting into a destruction phase (\Wu et al., 2017; Ji et al.,
2018).

From 1976 to 1998, excess sediment delivered from the Yellow River caused the deltaic
land area to increase at high accretion rates of 10-60 km?/yr (Fig. 16c). During this period, the
subaqueous delta experienced accretion at a rate of 0.42 km®/yr (Bi et al., 2021; Fu et al.,
2021). After 1996, however, the Yellow River’s sediment supply declined by 60% due to
regional drought and human activities such as water abstraction (Fig. 15; Wang et al., 2007).
In particular, the impoundment of the XLDR after 1999 caused the active delta lobe to
become increasingly starved of sediment trapped behind the dam. Consequently, the subaerial
portion of the active delta lobe shrank with an average retreat rate of 4.3 km®/yr during this
period (Wu et al., 2021b). The insufficient sediment supply also caused the subaqueous delta
to shift to net erosion, with an erosion rate of -0.18 km®yr (Fig. 16d). Furthermore, the
subaqueous delta between 5-10 m isobaths experienced significant erosion due to wave action
(Wu et al., 2017; Zhou et al., 2020).

After implementation of the WSRS in 2002, sediment delivery from the Yellow River to
the sea increased to 137 Mt/yr due to channel scouring and sediment flushing from the
reservoir (Fig. 15). Nevertheless, the resulting SSC was still comparatively low and

hyperpycnal flows, once dominant in sediment dynamics off the river mouth, could not form
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(Wang et al., 2010). As a result, the dominant sediment dispersal style was characterized by
buoyant river plumes, which facilitated sediment deposition near the river mouth (Wang et al.,
2010; Wu et al., 2015). Along with sediment replenishment, the active delta lobe shifted from
a destructive phase to a constructive phase, resulting in a 7.1 km/yr increase in the land area
of the subaerial delta and a net volumetric accumulation of 0.07 km®/yr in the subaqueous
delta (Wu et al., 2017; Bi et al., 2021).
10. Implications of the TGR and XLDR regulation modes for global reservoirs

Similar to other large reservoirs worldwide, the TGR and XLDR disrupted the
downstream water-sediment dynamics in their respective river systems. Impoundment and
controlled release of reservoir water flattened high flows during the flood season and
increased low flows during the dry season, resulting in homogenization of the intra-year
discharge downstream of the reservoirs (Figs. 5, 6 and S3). Additionally, the TGR and XLDR
interrupted the sediment flux along the main stem of the rivers, trapping 2,054 and 4,204 Mt
of sediment within the reservoirs after their impoundment (Fig. 3). The resulting
sedimentation in the reservoirs gave rise to unsaturated flows out of the dams (Fig. 7), leading
to downstream channel erosion (Fig. 8). Therefore, from a sediment budget perspective, the
reservoirs acted as significant sediment traps, but the downstream channels gradually became
a new source of sediment (Figs. 14 and 15). However, the new sediment supplied from
downstream channel erosion has not been sufficient to offset the deficit caused by dam
interception. Consequently, the sediment load reaching the sea has decreased sharply, posing a
threat to the sustainability of the deltaic areas.

10.1 Implication for mitigating reservoir sedimentation
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Sedimentation has always been the greatest threat to the longevity of reservoirs (Kondolf
et al., 2014; Schleiss et al., 2016). It progressively reduces reservoir storage capacity and
damages hydraulic machinery, thereby shortening the lifespan of the reservoir (Morris and
Fan, 1998). At the time of writing, the gross storage capacity of large reservoirs worldwide is
about 6,100 km®, of which approximately 2,000 km® (32.8%) has already been lost to
sedimentation. The worldwide loss of reservoir storage capacity (0.5-1.0% per annum) has
exceeded the capacity gained through the construction of new reservoirs (Sumi and Hirose,
2009; Schleiss and De Cesare, 2010). Consequently, the economic and ecological importance
of reservoir storage capacity makes the mitigation of reservoir sedimentation a particularly
urgent problem to solve.

The trapping efficiency (TE), defined as the ratio of reservoir sedimentation to total
sediment inflow, is often used to evaluate the severity of reservoir sedimentation (Brune,
1953). The TE is usually expressed as an exponential function of the ratio of reservoir
capacity to inflow (C/I) for most reservoirs worldwide, including the TGR (Fig. 17). However,
the TE of the XLDR has varied greatly according to the different implementation and
non-operational episodes of the WSRS (Fig. 17b).

Prior to implementation of the WSRS, the TE and C/I ratio relationship of the XLDR
closely followed the Brune (1953) curve (Fig. 17b). However, during the 2002-2014 period,
when the WSRS was implemented annually, the TE decreased to 76.1%, which was 16.6%
lower than the value predicted from the Brune curve. The impact of the WSRS on reservoir
sedimentation was further highlighted by a TE of ~100% during the years 2015-2017 when

the WSRS was not implemented. This indicates that almost no sediment passed through the
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Xiaolangdi Dam in these years, similar to the Aswan High Dam (Shalash, 1982). The WSRS

was restarted after 2018 and this quickly ended the crisis of heavy sedimentation (Fig. 17b).

In 2018 and 2019, there was abundant precipitation in the Yellow River drainage basin

(Fan et al., 2022), and thus no urgent need for water storage and drought prevention in the

XLDR. Meanwhile, the upstream reservoirs had sufficient stored water to flush the XLDR.

Therefore, the WSRS was implemented in 2018 and 2019 under a lower water level in the

XLDR than before. Through joint operation of the Sanmenxia Reservoir (water impoundment)

and XLDR (water release) before the WSRS, the water level in XLDR was lowered to about

210 m, far below the 220 m level in previous years (Fig. 2). In practice, the water stored in the

Sanmenxia Reservoir ensured flushing power, while the low water level of the XLDR

facilitated sediment flushing. The TE in 2018 was reduced to 5.1%, i.e., 84.5% lower than the

value estimated from the Brune curve (Figs. 3 and 17b). In 2019, the XLDR took in 280 Mt of

sediment and discharged 545 Mt of sediment, resulting in a TE of -94.6%. Through this

process, the XLDR achieved net flushing over a whole year for the first time. The WSRS of

the XLDR provides a valuable example for mitigating reservoir sedimentation, noting the

severe accumulation of sediment in reservoirs worldwide.

10.2 Implication for flood prevention in the downstream river

In addition to hydroelectric power generation, reservoirs serve as a vital tool for

mitigating downstream flood damage through temporal water storage and capping of peak

discharge (Harmancioglu, 1994). However, dam-induced hydrologic changes cause the

geomorphology of downstream river channels to evolve continuously. Doubts have therefore

been raised as to whether modification of channel morphology raises or decreases the flood
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risk downstream of dams (Williams and Wolman, 1984; Kondolf, 1997; Petts and Gurnell,
2005; Slater et al., 2015). Reservoirs can reduce downstream flood risk by promoting the
incision and enlargement of downstream channels, but they may also increase flood risk by
causing bed sediment to coarsen and floodplain vegetation to flourish, both of which heighten
flow resistance and amplify the flood-stage elevation (Criss and Shock, 2001; Carling et al.,
2020; Naito et al., 2019). Due to intensive erosion in the downstream channels of the TGR
and the XLDR (Fig. 8), the low water level has dropped significantly in both the mid-lower
Yangtze and the lower Yellow rivers (Fig. 12). Despite erosion of the two rivers, the flood
level did not decrease, and under certain conditions, even increased after the dams were
impounded (Fig. 12). Operation of the TGR led to visible downstream floodplain vegetation
expansion (Hu et al., 2022). The backwater water caused by dense vegetation in higher parts
of the floodplain during the 2016 Yangtze River flood resulted in a ~1 m increase in water
level for medium flood conditions (a discharge of 70,000 m%s; Mei et al., 2018). Similarly,
operation of the XLDR (i.e., the WSRS) led to significant development of dunes in the lower
channel, leading to an increase in the channel resistance and amplifying the moderate and
large flood stages of the Yellow River (Ma et al., 2022). Despite 3.44 m of bed degradation
since the completion of the XLDR, Ma et al. (2022) found that any flood discharge greater
than that of the 5-yr recurrence interval (10,000 m*/s) would produce a river stage exceeding
the pre-dam value. Therefore, reservoirs have complex effects on flood hydrology, and more
attention needs to be paid to downstream channel morphology adjustments.

10.3 Implication for sediment-starved deltas

Dams intercepting and trapping huge amounts of fluvial sediment flux appear to have
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been the dominant cause of reduction in river sediment that has led to delta erosion over the
past century (Syvitski et al., 2009; Besset et al., 2019; Van De Giesen, 2020). Both the
Yangtze and the Yellow rivers share the same fate as many other rivers worldwide, whereby
dam interception has caused significant reduction in fluvial sediment delivery to deltaic areas
(Figs. 14 and 15). But the management of the Yangtze and Yellow rivers has provided us with
different perspectives on protecting downstream deltas. In the future, sediment deficit is likely
to pose a great threat to the Yangtze River delta under the current regulation mode of the TGR
(Yang et al., 2020a). But the Yellow River provides us with a new perspective on the role of
sediment replenishment of its delta through mega reservoir regulation. The rebound in
sediment delivered from the Yellow River to the sea after the operation of WSRS (Fig. 15)
illustrates that downstream sediment deficits can be alleviated and deltas sustained if
reservoirs are well regulated. However, the sustainability of sediment replenishment needs
further attention (Wu et al., 2020a). In the future, two aspects of the WSRS should be
considered in terms of replenishing the delta. Firstly, it is feasible to increase water discharge
during the water regulation period to scour the downstream channel, as evidenced by the
successful incision of the lower Yellow River over the past 20 years. Even so, attention should
be paid to the risk of flooding due to dune development (Ma et al., 2022). Secondly, and more
specifically, the XLDR should be regulated at a low water level during wet years to create
favorable conditions for releasing more dam-trapped sediment, as was done in 2018 and 2019
(Fig. 17b).

11. Summary and conclusions

This review has systematically evaluated the impacts of the TGR and the XLDR under
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different regulation modes on the downstream functioning of the Yangtze and the Yellow
rivers, and highlighted implications for reservoir operation schemes in dammed rivers
worldwide. As two giant hydropower works on major Asian rivers, the TGR and XLDR trap
128.4 Mt/yr and 210.2 Mt/yr of sediment, respectively. The trapping efficiency of the TGR
remained high (63-86%) throughout the whole impoundment period, whereas the trapping
efficiency of the XLDR was only high in years when the WSRS was not implemented. Due to
reservoir regulation and sediment interception, water and sediment outflows from both dams
have been substantially altered. The twin strategy of storing water in the wet season and
releasing it in the dry season means that the water discharge from the TGR correlates well
with SSC. By contrast, the outflow under the WSRS can be divided into two phases: one
characterized by high water discharge and extremely low SSC; and the second characterized
by highly turbid flow. Controlled water releases from the dams have led to new boundary
conditions that affect the water and sediment regime along the whole downstream reach of
both rivers. Distinct homogenization of river discharge and a sharp reduction in sediment load
are evident at downstream gauging stations of the Yangtze and Yellow rivers. At the monthly
scale, the flood peaks still coincide with sediment peaks in the Yangtze River under typical
anti-seasonal regulation by the TGR, but the suspended sediment is more concentrated in July
to September. In the Yellow River, however, sediment peaks lag behind flood peaks with a
more even distribution of monthly sediment load, due to modification of the sediment
transport capacity under the WSRS. After TGR impoundment, the resulting highly
unsaturated flow has caused erosion along the whole mid-lower reaches of the Yangtze River,

with the reach-averaged incision decreasing from 3.7 m to 0.1 m in the downstream direction.
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By contrast, in the lower Yellow River, significant erosion (over 2000 Mt of extra sediment)

of the riverbed occurred only after implementation of the WSRS which enhanced the channel

capacity for flow and sediment transport. Incision has promoted considerable coarsening of

the riverbeds of both rivers, which in turn has limited future incision by armoring part or all

the affected reaches. River channel modification was the primary factor behind alterations to

the water levels used in operating the TGR and XLDR. The dry season water level became

lowered in the Yangtze between Yichang and Luoshan and along the entire downstream reach

of the Yellow River, primarily because of riverbed incision. However, the flood season water

level was maintained or even raised, because the channel roughness increased due to

vegetation growth on floodplains and coarsening of the riverbed, implying higher flood risk.

The modification of river channels also altered the sediment budgets of the two rivers. After

the TGR and XLDR were impounded, the downstream channels of both rivers switched from

sediment sinks to sources due to bed incision, supplying an average of 55 Mt/yr and 136

Mt/yr of sediment to the mouths of the Yangtze River and the Yellow River, respectively.

Despite this, the reduced seaward sediment fluxes from the Yangtze River have led to a

transition from accumulation to erosion of the subaqueous delta. In the Yellow River, the

WSRS has replenished the estuarine area by releasing sediment from the XLDR. Globally,

reservoir sedimentation, rising flood stage, and deltaic shrinkage have also occurred in other

river systems regulated by dams. Hence, the WSRS of the XLDR appears to offer an inspiring

example for the mitigation of reservoir sedimentation and the active maintenance of delta

areas.
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Table and Figure Captions

Table 1. Datasets used in the present study

Fig. 1. (a) Topography and drainage network of the Yangtze and the Yellow river basins, with
the locations of major reservoirs and gauging stations considered in this study. The schematic
diagrams indicate the (b) Three Gorges Reservoir (TGR), (c) Three Gorges Dam (TGD), (d)
Xiaolangdi Reservoir (XLDR), and (e) Xiaolangdi Dam.

Fig. 2. Daily water level time series for (a) TGR and (b) XLDR in four different years.
Colored arrows in panel b indicate the abrupt drop in water level during the WSRS in
corresponding years. Note that the WSRS was not implemented in 2016 due to a regional
drought.

Fig. 3. Time series of annual sediment inflow, outflow, sedimentation, and trapping efficiency
of (a) TGR and (b) XLDR since impoundment. Note that the sediment inflow into the TGR
referred to herein encompasses cumulative sediment flux from both monitored gauged
stations and ungauged areas. Detailed information and calculations are available in the paper
by Liu et al. (2022).

Fig. 4. Daily inflow and outflow hydrographs of (a) TGR and (c) XLDR in 2012. Panels (b)
and (d) indicate the outflow discharge and SSC of the TGR during the flood season and the
XLDR during the WSRS, respectively.

Fig. 5. Mean daily water discharge time series at (a) Yichang, (b) Hankou and (c) Datong
gauging stations in the Yangtze River basin before and after TGR operation, and at (d)
Huayuankou, (e) Gaocun and (f) Lijin in the Yellow River basin in 1998 and 2008, before and
after XLDR operation. Locations of these stations are shown in Fig. la.

Fig. 6. Monthly runoff and sediment load at (a) Yichang and (b) Datong, downstream of the
TGR from 1980 to 2002 and 2003 to 2018. Monthly runoff and sediment load at (c)
Huayuankou and (d) Lijin, downstream of the XLDR from 1980 t01998 and 2002 to 2018.
Fig. 7. Changes in water energy and sediment transport capacity over a year. Plots (a) and (b)
show the monthly averaged U*/h (see equation 4) time series at Hankou station, Yangtze River,
and at Huayuankou station, Yellow River, before (brown line) and after (blue line) upstream
dam impoundment. Plots (c) and (d) show the monthly relative sediment transport capacity
(Q« = Q«/ (mean Q- of pre-dam level)) time series at Hankou and Huayuankou before and
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after upstream dam impoundment.

Fig. 8. Channel deposition (+ve, blue shading) or erosion (-ve, ochre shading) and SSC in: (a)
the mid-lower Yangtze River (Yichang-Datong), and (b) the lower Yellow River
(Huayuankou-Lijin) during the period from 1980 to 2018.

Fig. 9. Variations in (a) bankfull area, (b) bankfull discharge, and (c) U%h and relative
sediment transport capacity at Huayuankou Station, Yellow River during 1986-2016.

Fig. 10. Changes in median grain size of riverbed sediment in (a) the mid-lower Yangtze
River and (b) the lower Yellow River before and after reservoir regulation was implemented.
Fig. 11. Average annual erosion intensity (10* t/km/yr) from 2002 to 2018 in (a) the
mid-lower Yangtze River and (b) the lower Yellow River.

Fig. 12. Responses of water level to water discharge in the years before and after
impoundment of the TGR and the XLDR. (a) Yichang, (b) Hankou, and (c) Datong stations
along the Yangtze River; (d) Huayuankou, and (e) Lijin stations along the lower Yellow River.

Fig. 13. Variation in (a) Manning roughness coefficient (s/m**

) in the mid-lower Yangtze
River before and after TGR impoundment; (b) riverbed resistance (a dimensionless
coefficient, following Ma et al., 2022) of the lower Yellow River before and after XLDR
impoundment; and (c) amplification ratio of Manning roughness coefficient with rising
discharge magnitude in the mid-lower Yangtze River.

Fig. 14. Flowcharts of the annual sediment budget along the Yangtze River downstream of
Zhutuo: (a) pre-TGR period, 1956-1980; (b) pre-TGR period, 1981-2002; and (c) post-TGR
period, 2003-2018. Prefixes “+” or “-” represent erosion or deposition along the river channel
or in Dongting Lake.

Fig. 15. Flowcharts of the annual sediment budget along the Yellow River downstream of
Sanmenxia Reservoir: (a) pre-XLDR period; (b) after XLDR impoundment but before the
WSRS was implemented; and (c) post-WSRS implementation. Prefixes “+” or “-” represent
erosion or deposition along the river channel.

Fig. 16. Time-averaged variations in: (a) land area of Eastern Chongming, the Yangtze River
subaerial delta; (b) sediment accumulation rate in the Yangtze River subaqueous delta; (c)
land area of the Yellow River subaerial delta; and (d) sediment accumulation rate in the

Yellow River subaqueous delta. The boundary between subaerial and subaqueous delta is
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referenced to the lowest tide datum. Data obtained from Yang et al. (2020a), Bi et al. (2021)
and Luan et al. (2021).

Fig. 17. (a) Brune (1953) curve and trapping efficiency of large reservoirs. Each circle
indicates the observed trapping data for one individual reservoir. The C/I ratio indicates the
ratio of reservoir capacity to inflow. (b) Observed trapping data for the TGR and XLDR. Note
that the WSRS was implemented from 2002-2014 but was not operated in 2015-2017. During
the WSRS period in 2018 and 2019, the water level of the XLDR was further lowered to

better release sediment.
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Table 1. Datasets used in the present study

Datasets Description Time range Data source
Daily water discharge at Yichang, Hankou and Datong stations along the
. . CIJWRC; YRCC;
Yangtze River and at Huayuankou, Gaocun and Lijin stations along the Yellow 1980-2018
] Wang et al., 2020
River
Daily inflow and outflow of the TGR and XLDR 2012 CJWRC; YRCC
Monthly water discharge and sediment load at Yichang, Hankou and Datong
stations along the Yangtze River mainstream and at Huayuankou, Gaocun and 1980-2018 CJWRC; YRCC
Hydrographic Lijin stations along the Yellow River mainstream
data Annual sediment load at Xinjiangkou, Shadaoguan, Mituosi, Ouchi (Kang),
Ouchi (Guan), Chenglingji, Huangzhuang, and Hukou stations along tributaries
) . o i . 2000-2018 CIJWRC; YRCC
of the Yangtze River and Heishiguan and Wuzhi stations along tributaries of
the Yellow River
. . . 2002, 2012 and 2016 for
Daily water level at Yichang, Hankou and Datong stations along the Yangtze .
] . . Yangtze River;1981 and CJWRC; YRCC
River and at Huayuankou and Lijin stations along the Yellow River .
2018 for Yellow River
. Yang et al., 2014;
Reservoir

sedimentation

Water level in
reservoir

Grain size of
riverbed sediment

Monthly and annual sedimentation in the TGR and XLDR

Daily water level in the TGR and XLDR

Median grain size of riverbed sediment in the mid-lower Yangtze River and the
lower Yellow River

2003-2018

2006-2018

2002 and 2021 for Yangtze
River; 1999 and 2019 for
Yellow River

Liuetal., 2022;
Present study

CJWRC; YRCC

Yang et al., 2022;
YRCC



Channel
deposition

Sediment budget

Delta evolution

Channel deposition or erosion in the mid-lower Yangtze River and the lower
) 1980-2018
Yellow River

1956-2018 for Yangtze
River and 1980-2018 for
Yellow River
1958-2015 for Yangtze
River Delta; 1976-2013 for
Yellow River Delta

Sediment budget along the Yangtze River downstream of the Zhutuo Station
and along the Yellow River downstream of the Sanmenxia Reservoir

Time-averaged variation of land areas of the subaerial delta and accumulation
rates in the subaqueous delta

Yang et al., 2014
Present study
Wang et al., 2007;
Yang et al., 2014,
Present study
Bi et al., 2021;
Luan et al., 2021;
Yang et al., 2020a
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