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Small mountainous rivers can deliver considerable freshwater discharge and suspended sediment discharge
(SSD) to the ocean during tropical cyclones (TCs), and this has received special attention worldwide. However,
little information is available onhowTCs impact variations inwater discharge and SSD delivered bymountainous
rivers into the ocean. Here, based on the daily water discharge and SSD at the gauging stations of the tidal limit in
July and August from 1965 to 2017, theQin River (QR) andNanliu River (NR), 2 smallmountainous rivers located
in the north of the Beibu Gulf, South China, were selected to quantify variations in water discharge and SSD into
the Beibu Gulf during the TC period. The main results show that the net TC-induced water discharges in the QR
and NR during July and August are larger than those of non-TC days, respectively. The net SSD increases in the QR
andNR induced by TCs are far larger than those of normal days, respectively.Meanwhile, thewater discharge and
SSD in the flood season can be dominated by TC-associated rainfall, but the impacts on water discharge and SSD
are influenced by the TC characteristics and basin environment.Moreover, it is found that in these 2mountainous
rivers, highwater discharge delivers high SSD, but extremely highwater discharge caused by TCs fails to produce
extremely high SSD. It is expected that TCs will produce great impacts on SSD and water discharge of themoun-
tainous rivers in South China behind global climatic change with increasing TCs events.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Continental water discharge and fluvial suspended sediment dis-
charge (SSD) are the fundamental materials of rivers delivered from
land to the ocean andprovide a large proportion of freshwater resources
and wetland development necessary for inhabitants' survival
(Vörösmarty et al., 2010; Grill et al., 2019). The water discharge and
SSD of seagoing rivers play a key role in the land-ocean mass cycles
(Walling and Fang, 2003; Dagg et al., 2004; Dai et al., 2016). Variations
in fluvial water discharge and SSD may directly affect the formation
and development of estuarine deltas and adjacent coastal areas,
resulting in geomorphic evolution and eco-environmental changes
(Milliman and Syvitski, 1992; Huang, 2010; Dai et al., 2011b). However,
with the combined impact of global climate changes and anthropogenic
activities, river flow and SSD have undergone drastic reductions (Dai
et al., 2010; Dai et al., 2011a; Gao et al., 2015), rendering many mega-
deltas economically and environmentally vulnerable (Besset et al.,
arine and Coastal Research, East
2019). Furthermore, deltaic erosion induced by the decreased SSD
fromupstream could also be exacerbated by tropical cyclone (TC) inten-
sity and tracks (Turner et al., 2006;Miles et al., 2015; Darby et al., 2016).
However, changes in TC-induced water discharge and SSD into the sea
have received little attention, as the present studies are mainly focused
on the impacts of human activities, especially on dam construction.

To date, anthropogenic activities, especially for the construction of
dams and reservoirs, have been proven to be one of the major factors
leading to the drastic decrease inwater discharge and SSD inmost rivers
of the world (Dai et al., 2016; Darby et al., 2016; Besset et al., 2019). For
example, the SSD of the Nile River into the Nile delta decreased by
nearly 98% owing to the Aswan High Dam in 1964 (Wiegel, 1996). Sim-
ilarly, the annual SSD delivered by the Yangtze River has declined by
70% since the operation of the Three Gorges Dam (Dai et al., 2014).
Such a reduction has also been detected in other rivers, such as the Col-
orado River, Mississippi River, and Yellow River (Lu, 2004; Walling,
2006; Wang et al., 2007; Yang et al., 2007; Dai et al., 2015). However,
most studies on the variations in water discharge and SSD are based
on annual or monthly mean data and mainly focus on large rivers (Dai
et al., 2016), thus failing to address the variability in runoff and SSD as-
sociated with accidental events and neglecting small rivers, especially
mountainous rivers.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2021.107844&domain=pdf
https://doi.org/10.1016/j.geomorph.2021.107844
mailto:zjdai@sklec.ecnu.edu.cn
https://doi.org/10.1016/j.geomorph.2021.107844
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Compared to the large rivers of the alluvial plain,mountainous rivers
are characterized by small river systems, rapid and large freshwater dis-
charge, fast sediment transport, and a higher responsiveness to climate
change and human interference, especially episodic events such as rain-
storms, typhoons and debris flows (Farnsworth and Milliman, 2003;
Wheatcroft et al., 2010). Furthermore, Milliman and Farnsworth
(2011) revealed that the SSD of mountainous rivers into the ocean ac-
counts for more than 70% of the total amount of rivers worldwide,
while the catchment area of these small rivers only accounts for nearly
30%. The mountainous river systems located on the New Guinea Gulf
discharge approximately 1.7×109 t/yr SSD, which is equivalent to the
combined estimated SSDs of rivers draining North America (Milliman,
1995). Additionally, the suspended sediment concentration (SSC) of
the event-derived SSD of small rivers is dramatically higher than that
of large rivers, resulting in event-induced hyperpycnal flows (Liu
et al., 2016). The peak SSC of the Santa Clara, Salinas and Eel Rivers,
for instance, can reach 20–100 g/l, while the peak concentration in the
Mississippi barely exceeds 2 g/l. Therefore, mountainous rivers can de-
liver a large proportion of water discharge and SSD in relatively short
periods (Farnsworth and Milliman, 2003). To date, only a few moun-
tainous rivers have received attention, and no studies have been carried
out specifically on the changes in water discharge and SSD during
TCs, especially in the mountainous rivers draining into the Beibu
Gulf, South China. Therefore, the purposes of this study are (1) to dis-
cern the hydrological process of the Nanliu River (NR) and Qin River
(QR), two typical mountainous rivers flowing into the Beibu Gulf,
during July and August with and without TC forcing; (2) to examine
TC-induced variations in water discharge and SSD into the ocean;
and (3) to estimate the total amount of water discharge and SSD as-
sociated with TCs in recent decades. These results greatly improve
Fig. 1. Research area and TC tracks. Plot (A): 6 independent mountainous rivers in the Beibu Gu
the 5 TCs mentioned in this study. Plot (D): Tracks of 63 TCs during 1965–2017.
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the understanding of the TC-induced water discharge and SSD of
mountainous rivers into the ocean and can be beneficial for under-
standing other similar mountainous rivers in tropical zones around
the world.

2. Study area

The Beibu Gulf is a semiclosed bay in the north of the South China
Sea, and there are 6 independent mountainous rivers (Nanliu River,
Dafeng River, Qin River, Maoling River, Fangcheng River and Beilun
River)with a drainage area ofmore than 1000 km2 located in the north-
ern part of the Beibu Gulf, Guangxi Province (Fig. 1A). These rivers are
all characterized by short mainstream lengths with a range of 100–
210 km, small drainage areas with a range of 750–9261 km2, steep
river slopes with a range of 0.16–7.17‰, and high water discharges
and SSDs into the sea (Li et al., 2017). Here, both the NR and QR were
selected as typical examples to examine how TCs impact water dis-
charge and SSD from mountainous rivers into the Beibu Gulf, and
these rivers are the easternmost and western rivers, respectively
(Fig. 1A). Additionally, the NR and QR are the largest and third largest
mountainous rivers among the 6 local rivers and are 9261 km2 and
2539 km2 in area and 210 km and 128 km in length, respectively. The
monsoon climate dominates the two river basins and leads to a flood
season fromMay toOctober. The intense rainfall during theflood season
combined with the TCs that pass over the Beibu Gulf induce large
amounts of water discharge and SSD in the mountainous rivers. It has
been estimated that 305 TCs have passed over main impacts on the
coastal area of the Beibu Gulf of Guangxi Province during 1950–2012
and likely produced further impacts on water discharge and SSD from
these rivers into the Beibu Gulf.
lf. Plot (B): Location of gauging stations in the QR and NR catchments. Plot (C): TC levels of



Fig. 2.Variations in daily water discharge and SSDwith the effects of TCs Lynn and Kelly in
1981.
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3. Materials and methods

3.1. Materials

The Luwu and Changle gauging stations are key hydrological stations
that record the water discharge and SSD draining from land into the
Beibu Gulf. They are located in the middle reach of the QR and the
lower reach of the NR (Fig. 1B). Daily water discharge and SSD data at
Luwu and Changle stations from 1965 to 2017 were collected from the
Pearl River Water Resources Commission (http://www.pearlwater.gov.
cn/), but some daily SSD data were unavailable, including 1967 to 1975,
1985 to 2000, and 2009 for the QR and 1967 to 1975 and 1985 to 2000
for the NR. In order to reconstruct the daily SSD for missing years, rating
curves were adopted based on available daily discharge data. Daily pre-
cipitation data across the QR and NR basins from 1965 to 2017 were ob-
tained from the China Meteorological Administration (http://data.cma.
cn/). TC data from 1965 to 2017 were acquired from the Shanghai Ty-
phoon Research Institute (http://www.sti.org.cn/) and comprised infor-
mation on central pressure, wind speed, latitude and longitude positions.

3.2. Methods

3.2.1. TC selection
Considering that over 60% of the TCs occurred in July, August and Sep-

tember in the catchment and that the water discharge and SSD of the QR
and NR in July and August account for a large proportion of the annual
amount (Li et al., 2017), this study is focused on the TC-induced variations
of water and sediment discharge in July and August. Additionally, previ-
ous works have indicated that the landward area impacted by TC action
Table 1
Classification of hydrological years.

TC condition River Hydrological condition Time

Non-TC year QR Flood year 1968, 1995
Normal year 1972, 1973, 1977, 1982, 1990, 2011,
Dry year 1975, 1987, 1988, 1999, 2004, 2005,

NR Flood year 1995
Normal year 1968, 1972, 1975, 1982, 1983, 1987,
Dry year 1988, 1999, 2004, 2005, 2007, 2011

TC year QR Flood year 1967, 1970, 1971, 1976, 1979, 1981,
Normal year 1965, 1966, 1969, 1974, 1978, 1983,
Dry year 1980, 1989, 1991, 1992, 2000, 2010

NR Flood year 1970, 1973, 1976, 1979, 1981, 1985,
Normal year 1965, 1966, 1967, 1969, 1971, 1974,
Dry year 1977, 1980, 1989, 1991, 1992, 2000,

Note: A year with an annual water discharge higher than the 75th percentile is defined as a flo
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is approximately 500 km (Rodgers et al., 2001; Jiang and Zipser, 2010).
Recent studies also show that the TCs with centers north of 19°N and
west of 112°E have different effects on the coastal area of Guangxi Prov-
ince (Chen et al., 2014). Therefore, TCs that affect the river basins are
first selected. Then, combined with the daily runoff and precipitation
data for the QR and NR, the selected TCs that significantly induced rapid
increases inwater discharge and SSDwere further screened. For example,
TC Lynn in 1981 entered the impacted zone on 7 July and exited on 8 July.
The corresponding dailywater discharge of the QR increased greatly from
41.8m3/s to 1340m3/s, while the flow of the NR increased from 401m3/s
to 2070m3/s (Figs. 1C, 2). Therefore, TC Lynnwas selected to understand
the potential contribution to water discharge and SSD in the NR and QR.
However, variations in water discharge induced by TC Kelly in 1981
were weak, and TC Kelly was therefore excluded (Figs. 1C, 2). Finally, 60
TCs that remarkably affected the QR and NR, 2 TCs that occurred in
1973 and 1977 and only affected the NR, and 1 TC that occurred in 1983
and only impacted the QR were selected (Fig. 1D, Table S1).

3.2.2. Sediment rating curve
There exists a nonlinear function between the water discharge and

SSD, known as the sediment rating curve. In this study, the form:

QS ¼ aQb
w ð1Þ

was obtained by regressing the water discharge against the relevant
SSD. QS (t) in the equation is the daily SSD, while Qw (m3/s) is the daily
water discharge, a is the y-intercept, and b is the slope of the fitted line
shown in the plot (Picouet et al., 2001; Mouri et al., 2014). This formula
is subsequently adopted to reconstruct the unavailable daily SSD of the
QR and NR based on the corresponding water discharge in July and Au-
gust of TC years.

3.2.3. Classification of hydrological years and coefficient of variation
An extreme hydrological event can be defined as the occurrence of

flow values above the 75th percentile or below the 25th percentile
within the observed years. In this study, a year with an annual water
discharge higher than the 75th percentile is defined as a flood year,
while a year lower than the 25th percentile is a dry year; others are nor-
mal years (Dai et al., 2016). The calculation method of percentile values
follows Bonsal et al., 2001, and the results are shown in Table 1. The co-
efficient of variation (Cv) is an effective tool to compare the distribu-
tions with different units. To identify the variability of the series of
daily water discharge and SSD, the hydrological variation coefficient of
Cv is calculated based on the daily discharges in July and August by
the Moment method (Greenwood et al., 1979).

3.2.4. Contributions of TCs to water and SSD
The net contribution of TCs to the runoff in a year is expressed by pc,

and the formula is as follows:
2015
2007

1990, 2015

1997, 2001, 2002, 2003, 2013
1984, 1985, 1986, 1993, 1994, 1996, 1998, 2006, 2008, 2009, 2012, 2014, 2016, 2017

1994, 1997, 2001, 2002, 2008, 2013
1978, 1984, 1986, 1993, 1996, 1998, 2003, 2006, 2009, 2012, 2014, 2016, 2017
2010

od year, while a year lower than the 25th percentile is a dry year.

http://www.pearlwater.gov.cn/
http://www.pearlwater.gov.cn/
http://data.cma.cn/
http://data.cma.cn/
http://www.sti.org.cn/


Table 2
The max/min and Cv values of water and sediment discharges in different hydrological conditions in QR and NR.

Time period Non-TC year TC year

Water discharge SSD Water discharge SSD

QR NR QR NR QR NR QR NR

Average max/min All 97.5 26.6 4028.4 1052.8 71.7 26.6 1796.0 1000.8
Average Cv All 1.3 1.0 2.9 2.1 1.5 1.0 2.7 2.2

Flood year 1.3 1.1 – – 1.4 1.0 2.5 1.7
Normal year 1.3 1.1 3.1 2.3 1.4 1.0 2.8 2.2
Dry year 1.2 0.8 2.7 1.9 1.7 1.2 3.2 2.7

Note: The average Cv of SSD in flood non-TC years were not calculated due to the lack of measured data.

Fig. 3.Variations in daily water discharges in July and August of each non-TC year.Water discharges of different hydrological years in plots (a)–(h) are shown in different colors. Plots (b)–
(d) and plots (f)–(h) represent the changes in daily water discharges in July and August of 3 specific different hydrological years.
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pc ¼
Qw tc � Dtc−Qw nor � Dtcð Þ � 24� 3600

Qw a � Da � 24� 3600
ð2Þ

where Qw_tc (m3/s) is the mean water discharge during the passage of
TCs that occurred in July and August of each year, Qw_nor (m3/s) is the
mean water discharge of the normal days without TC impacts in July
and August of each year, Qw_a (m3/s) is the mean water discharge of
the whole year, Dtc (days) is the duration of the relevant TCs, and Da

(days) is 365 or 366. The numerator of the formula represents the abso-
lute contribution of TCs, where the denominator represents the total
amount of runoff transported each year. The pc of SSD is calculated sim-
ilarly. Moreover, combined with the reconstructed daily SSD obtained
by relevant rating curves, the total amount of the net TC-induced SSD
can be estimated.

3.2.5. TC-induced growth rate of water discharge and SSD
To quantitatively reflect the direct impact of TCs on water discharge

and SSD and eliminate the impact of the basic discharges of normal days
in the QR andNR, the growth rate (pg) is calculated by the following for-
mula:

pg ¼ Qw tc−Qw nor

Qw nor
ð3Þ

where Qw_tc and Qw_nor have the same meanings as those shown in the
contribution formula. The growth rate of SSD in each TC year is com-
puted similarly.

4. Results

4.1. Variations in water discharge and SSD in non-TC years

The dailywater discharges of theQRunder normal hydrological con-
ditions present great differences, as a large range exists between the ex-
treme daily water discharges of the QR (Fig. 3a). The mean maximum/
minimum water discharge ratio in all non-TC years is 97.5 (Table 2).
On the other hand, according to the analysis of Cv, the average Cv
value of daily water discharge in July and August in non-TC years
reaches 1.3, which is much higher than that of alluvial plain rivers,
Fig. 4. Variations in daily SSDs in July and August of each non-TC year. SSDs of different hydrolo
the changes in daily SSDs in July and August of specific normal and dry years. Due to the lack o

5

such as the Changjiang River (<1) (Dai et al., 2008). Throughout differ-
ent hydrological conditions of the non-TC years, the average Cv values of
flood and normal years are higher than that of the dry years (Table 2),
which means that the water discharges of the QR are more evenly dis-
tributed in dry years than those in normal and flood years. Moreover,
the daily water discharges of the QR can rapidly increase by two or
three orders of magnitude and return to the normal level in a short
time (0–48 h) (Fig. 3b–d). Variations in the daily water discharge of
the NR resemble those of the QR and are characterized by abrupt
changes and large differences (Fig. 3e–h). However, the range of daily
water discharge in the NR is smaller than that in the QR. The mean
ratio between the extreme values of the NR is only 26.6 (Table 2).More-
over, the Cv values of the NR are slightly lower than those of the QR,
with the mean value of non-TC years being 1.0 (Table 2).

Meanwhile, variations in the daily SSD of non-TC years in QR are
highly consistent with those of the relative daily water discharge
(Fig. 4a–c). Specifically, the average maximum/minimum SSD ratio
of QR reaches 4028.4, which obviously exceeds that of the water dis-
charge (Table 2). On the other hand, the daily SSD in July and August
of the non-TC year has an average Cv of 2.9, which is more than twice
that of the water discharge (Table 2). The increasing and decreasing
trends of daily SSD in the NR are in line with the related river flow,
and the amplitudes of variations between the daily SSDs are much
larger than those between the daily water discharges (Fig. 4d–f).
The mean maximum/minimum ratio of SSD of non-TC years in the
NR is 1052.8, and the average Cv value is 2.1. Additionally, the Cv
values in normal and dry years in the NR also exceed the correspond-
ing Cv values of water discharge. However, it can be found that var-
iations in daily SSD in the NR are relatively milder than those in the
QR (Table 2), which resembles the differences in the water dis-
charges between the QR and the NR.

4.2. Variations in water discharge and SSD under the influence of TCs

Daily water discharges in TC years in the QR and NR exhibit rapid
changes like those in non-TC years (Figs. 5, 6). However, the amplitude
of variations in TC years is less dramatic than that in non-TC years. For
instance, the average maximum/minimum ratio of water discharge in
gical years in plots (a)–(f) are shown in different colors. Plots (b), (c), (e) and (f) represent
f daily SSD, the variations of SSD in the flood non-TC years are not shown in this figure.



Fig. 5. Variations in daily water discharges in July and August in each TC year. Water discharges of different hydrological years in plots (a)–(h) are shown in different colors. Plots (b)–
(d) and plots (f)–(h) represent the changes in daily water discharges in July and August of 3 specific different hydrological years. The pink shaded areas in plots (b)–(d) and plots (f)–
(h) represent the influence of the TCs.
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TC years in theQR is 71.7,which is obviously smaller than that in non-TC
years (Table 2). Additionally, compared to those in non-TC years, the Cv
values in TC years show great differences in different hydrological years.
Specifically, the mean Cv of water discharge in dry TC years is higher
than those of normal and flood TC years, and this is the opposite of
the pattern in non-TC years (Table 2). On the other hand, the ranges
of daily SSD of the 2 rivers in TC years are smaller than those in non-
TC years as well, especially for the SSD in QR. The maximum/minimum
ratio of SSD in the QR is 1796.0, less than half of that in non-TC years.
Moreover, theCv values of SSD in dry years in theQRandNRalso exceed
those of normal andflood years (Table 2), indicating that SSDs of QR and
NR in dry TC years are rather unevenly distributed.
6

To further detect the effect of TCs onwater discharge and SSD in each
TC year, daily discharges of TC years were divided into 2 categories,
namely, data during the passage of TCs and data during non-TC days.
In the QR, thewater discharges of TC days present remarkable increases
with the impacts of TCs (e.g., Fig. 5b–d). The ratios between the peak
daily discharges during the passage of TCs and the normal discharges
of the day before the TCs took effect were calculated. The average ratio
of water discharges in the QR is 24.0, and the average ratio in the NR
is 11.0, which is less than half of that in the QR. The peak TC daily SSD/
normal daily SSD ratios of each TC year are much higher than the
water discharge ratios. The mean ratios of SSD in the QR and NR reach
218.6 and 129.4, respectively. This indicates that SSD ismore responsive



Fig. 6.Variations indaily SSDs in July andAugust in each TC year. SSDs of different hydrological years in plots (a)–(h) are shown indifferent colors. Plots (b)–(d) and plots (f)–(h) represent
the changes in daily SSDs in July and August in 3 specific different hydrological years. The pink shaded areas in plots (b)–(d) and plots (f)–(h) represent the influence of the TCs.
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to TCs than water discharge. Meanwhile, it can also be inferred that the
QR reacts more rapidly than the NR to the impacts of TCs when TCs
occur because all the ratios of the QR exceed those of the NR.

In terms of the specific TC-associated water discharge and SSD, it is
evident from Fig. 7 that the daily mean water discharge and SSD of TC
days are remarkably higher than those of normal days in each TC year,
demonstrating the huge impacts of TCs on water discharge and SSD.
In the QR, the mean water discharge of TC days reaches 403.8 m3/s,
which is approximately 6 times the relative average normal water dis-
charge of non-TC days in TC years (Fig. 7a) or non-TC years (Fig. 3a).
In the NR, the mean TC water discharges of TC days increase by 2
times (Fig. 7b). The SSDs of TC days experience sharper increases than
water discharge. Themean SSD of TC days in the QR is 14,264.5 t, nearly
7

17 times that of the normal SSD (Fig. 7c). The response of SSD to the TC
effect in theNR is relativelymilder than that in theQR, and the SSD of TC
days in the NR increases by nearly 4 times, with an average of 25,881.5 t
(Fig. 7d).

4.3. Relationships between daily water discharge and SSD

Water discharge is an important factor controlling variations in SSD,
and there exists a nonlinear function between the water discharge and
SSD (Dai et al., 2016). In the QR and NR, these factors also exhibit a
power law relationship at the significance level of 0.001with orwithout
TCs, indicating that SSD increases greatly with increasing water dis-
charge (Fig. 8). Moreover, the slope of the rating curve, namely the



Fig. 7. Daily mean water discharge and SSD of the QR and NR on TC days and normal days in TC years.
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exponent in the expressions, represents the ability of river flow to de-
liver sediment (Fig. 8). The larger the gradient is, the stronger the trans-
port ability is. The gradients of TC days are smaller than those of the
normal days in both the QR and the NR, which indicates that an ex-
tremely high flow does not necessarily carry an extremely high SSD. In
addition, considering the influence of different hydrological years with
TCs, rating curves are further fitted as shown in Fig. 8, and the functions
are shown in Table 3. The sediment carrying capacity of the water dis-
charge under the influence of TCs in flood years is weaker than that of
normal days. In normal and dry years, the river flow on TC days is
Fig. 8. Relationships between daily water disch
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stronger than on normal days. Moreover, when TCs occur, river flow
in flood years and normal years transports comparable sediment at
the same discharges, which is different from that of non-TC days.

4.4. The contribution of TCs to the water discharge and SSD

TCs generated considerable water discharge and SSD in the QR and
NR during 1965–2017 (Fig. 9). The net TC-induced water discharges in
the QR and NR from 1965 to 2017 are 338.9 m3/s and 707.9 m3/s, re-
spectively, which are abnormally higher than those of the normal
arge and SSD on TC days and normal days.



Table 3
Relationships between daily water discharges and SSDs under different hydrological
conditions.

TC days Non-TC days

Flood year y = 0.0004x1.30, r = 0.86,
p < 0.001

y = 0.000009x1.45, r = 0.89,
p < 0.001

Normal year y = 0.0003x1.30, r = 0.81,
p < 0.001

y = 0.0002x1.14, r = 0.73,
p < 0.001

Dry year y = 0.008x1.16, r = 0.90,
p < 0.001

y = 0.0002x1.10, r = 0.82,
p < 0.001
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condition (Figs. 7a–b and 9a–b). Similar information in daily SSD can be
seen as well (Figs. 7c–d and 9c–d). The absolute SSDs caused by TCs in
the QR and NR are 154.5 kg/s and 255.7 kg/s, respectively. Furtherly,
the total amounts of TC-induced water discharge in the QR and NR are
3.9×109 m3 and 1.2×1010 m3, and the total TC-induced SSDs reach
9.9×105 t and 2.3×106 t, respectively (Fig. 9). To estimate the TC-
induced SSD during the whole period from 1965 to 2017, rating curves
based on the discharges of TC days are adopted to reconstruct the un-
available daily SSD (Fig. 8). The net contributions of TCs in July and Au-
gust to SSD in the QR and NR during 1965–2017 are 1.7×106 t and
4.9×106 t, respectively. Moreover, although the TCs that occurred in
July and August last for only a few days, usually 2 or 3 days, the water
discharge and SSD associated with TCs account for a significant propor-
tion of the total annual amounts (Fig. 9). Themean pc ofwater discharge
and SSD of the QR are 9±7% and 21±16%, and in the NR, they are 5±5%
and 12±12%,which also demonstrates that SSD ismore sensitive to TCs.
It is worth noting that the pc of NR is nearly half of that of QR, which in-
dicates that the QR is more responsive to TCs than the NR. However,
there are great differences in the pc among TC years. For example, TCs
contributed the greatest water discharges in 2006, generating 31% of
the runoff in the QR and 20% of the runoff in the NR (Fig. 9a, b). Mean-
while, 65% of the SSD in the QR and 53% of the SSD in the NR in 2006
were induced by TCs (Fig. 9c, d). However, in 1979 and 2008, TC-
induced water discharge and SSD accounted for little (<5%). Unexpect-
edly, there is no significant trend shown in pc amongdifferent hydrolog-
ical years, and the reasons are discussed later.
Fig. 9. The net contribution of TCs to the water discharge and SSD. Light blue and light orange b
blue and dark orange bars represent the total amount of annual water discharge and SSD; the
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5. Discussion

5.1. Impacts of precipitation

The leading factor affecting the river flow and SSD on a continental
scale is precipitation, specifically the frequency and magnitude of rain-
fall (Meade et al., 1990). Significant positive correlations are detected
in the relationships between daily precipitation and water discharge
and SSD in the QR and NR (Fig. 10), which indicates that precipitation
dominates theflow and SSD in theQR andNR, and high precipitation in-
duces high water discharge and SSD.Moreover, SSD is a power function
of water discharge with an exponent greater than 1, which implies that
more sediment is transported by high water discharges (Meade et al.,
1990). Therefore, the SSD in the QR and NR appears to vary consistently
with the relative water discharge and varies evenmore rapidly than the
water discharge (Figs. 3–6). However, extremely high flow associated
with TC rainfall fails to carry extremely large amounts of sediment
when compared to the amounts carried by normal water discharge, as
shown in Fig. 8. The possible reason accounting for this result is the rel-
atively low sediment supply compared to the abundance of runoff. Sim-
ilar to the Langbein-Schumm rule (Langbein and Schumm, 1958), when
precipitation is less than effective precipitation, the runoff induced by
rainfall events is sufficient to move whatever sediment may be
available. Moreover, when precipitation increases, the SSD decreases
because precipitation also encourages more vegetation, which discour-
ages runoff and soil erosion. Studies have found that the impact of TC-
induced rainfall on rivers is restricted by several factors, such as the in-
tensity of the TC and land cover, as mentioned above (Shepherd et al.,
2007; Lin et al., 2008; Yu et al., 2017). Here, we discuss the possible fac-
tors that have an impact on TC rainfall and consequently affect thewater
discharge and SSD in the QR and NR with the growth rate (pg), and the
results are shown in Fig. 11.
5.2. Impacts of TC characteristics

TC characteristics, for instance, wind speed, track and duration, are
the main factors controlling the intensity of TC rainfall (Shepherd
ars represent the absolute amount of water discharge and SSD generated by the TCs, dark
black solid lines represent the error bars of pc.



Fig. 10. Relationship between monthly precipitation and runoff and SSD in July and August during 1965–2017. Data out of the ellipse in plot (b)–(c) are not used in linear fitting.
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et al., 2007; Wing et al., 2007; Kubota and Wang, 2009; Chen et al.,
2011). First, the wind speed of TCs is widely used as the evaluation cri-
terion of TC intensity. Themore powerful a TC is, themore precipitation
it causes (Yu et al., 2017), and themorewater discharge and SSD is gen-
erated. Unexpectedly, the correlation between the wind speed of TCs
and the associated increase in discharge is not significant (p > 0.1), in-
dicating that the wind speed is not the dominant factor. In fact, most of
the TCs did not land in Guangxi Province initially, andwhen TCs arrived
at Guangxi, they were usually classified as a tropical storm or a tropical
depressionwith relativelyweak strength (Fig. 1C, Table S1), so thewind
speed had little effect on the water discharge and SSD.

In the QR and NR, it is found that the TCs that went over the catch-
ment have greater impacts on water discharge and SSD. For instance,
TCs in 1985 passed over the river basins and generated 3.03×108 m3

and 1.33×109m3 runoff in the QR and NR, which accounted for approx-
imately 22% and 18% of the annual amount, respectively. Meanwhile,
water discharges under the influence of TCs underwent the most
Fig. 11. Growth rate (pg) of water disc

10
rapid changes in 1985 as the pg reached the highest values (18 and
11). On the other hand, the pg of water discharge in the QR induced by
the TCs outside the basin is generally below 3, while the pg of most
TCs crossing over the basin is greater than 6. The average pg ofwater dis-
charge of the 2 categories is 8.4 versus 4.2 in the QR. In the NR, they are
3.0 versus 1.7. This ratio of 2:1 demonstrates that TCs that passed out-
side the basins only exerted half the strength on water discharge and
SSD when compared to those passing directly over the basins. More-
over, considering the relatively equal power of TCs,whether TCs pass di-
rectly over the basins appears to be important.

Studies have also found that in association with increasing overland
duration, TC-induced rainfall also increases (Chen et al., 2011). There-
fore, TC-induced water discharge and SSD should increase as well. The
duration of TCs and water discharge and SSD in the QR and NR present
significant positive correlations (Fig. 12). For example, 3 TCs, character-
ized by normalwind speed and normal passage tracks, occurred in 2006
and lasted for 8 days (Table S1). The accumulated runoff accounted for
harge and SSD in the QR and NR.



Fig. 12. Relationship between the duration of TCs and runoff and SSD in July and August during 1965–2017.

Fig. 13. Elevation of the mainstream in the QR and NR. The elevation of the mainstream
was extracted based on the relative DEM data, and the slope was the ratio of the
elevation to the river length.
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31% of the whole year. However, there are always some exceptions. No
tropical cyclone passed over the QR catchment in 1978 and 1984 (TC
Elaine and Betty, Fig. 1C, Table S1), whereas the pg in these 2 years
reached 10.3 and 9.4, and the pc values were 10.5% and 8.8%, respec-
tively. TC Iris went across the QR in 1967 (Fig. 1C), but the pg and pc
were only 0.22 and 0.3%, respectively. Furthermore, some recent studies
revealed that the intensity of TCs passing across the South China Sea
would increase under the context of global warming (Redmond et al.,
2015; Darby et al., 2016), water and sediment discharges in these
mountainous rivers are likely to suffer from serious impacts of TCs.

5.3. Impacts of catchment environment

According to pg, the values of the QR are obviously larger than those
of the NR (Fig. 11), and the mean values of the pg of water discharge in
the QR are nearly 2.5 times higher (6.2 vs 2.5). Based on the net contri-
bution of TCs to water discharge and SSD in the 2 rivers, it can be con-
cluded that the QR reacts faster than the NR to TC-induced rainfall
events. The differences in TC impacts on the 2 adjacent rivers can be
mainly attributed to the river scales. The mainstream length of QR is
shorter than that of NR (Fig. 13). Meanwhile, the mainstream slope of
QR is 0.74‰, and that of the NR is about 0.43‰ (Fig. 13). Slope differ-
ences between these two rivers can induce the water discharge of the
QR to bedelivered faster in response to the TC rainfall when it compared
to that of the NR. Meanwhile, the NR basin is larger than QR with more
tributaries (Fig. 1A, B). The drainage density of NR reaches 0.42 km/km2,
while it is only 0.34 km/km2 in the QR. It means that the river channels
of QR could hold a smaller amount of freshwater than that of the QR
(Fig. 1). Furthermore, combined with the gentle slope of the NR, the
process of runoff confluence is slower in the NR than that in the QR,
which results in the NR's response to TCs being heavily buffered.
Taken altogether, the NR is larger and longer than the QR and is charac-
terized by denser tributaries and a gentle slope.When heavy rain gener-
ated by TCs occurs, the delivered runoff produced by rainwater can be
slowed down due to regulations from denser tributaries and the gentle
slope of the NR, which results in the river's response to TCs being buff-
ered. Compared to that of the NR, the smaller water discharge of the
QR further highlights the influence of TCs.
11
On the other hand, the pg values under different hydrological condi-
tions showgreat differences. Duringflood years, the average pg values of
water discharge in the QR and NR are 4.1 and 2.2, while in dry years,
they are 10.4 and 4.1. The pg of the water discharge in the QR in the
dry year 2010 reached 16, while in the flood year 1967, the pg was
only 0.2. In terms of SSD, the pg of the dry year 2010 exceeded 60,
whereas that of the flood year 1979 was below 0.04 due to the high
water discharges on normal days. This illustrates that TC-induced rain-
fall exerts relatively more influence on water discharge and SSD in dry
periods than in wet periods. There are 2 main possible reasons for
this. First, landcover in the river basin is of great importance to fluvial
water discharge and SSD, especially for mountainous rivers such as
the QR and NR, which are characterized by steep slopes. When heavy
rainfall occurs, this large gradient combined with relatively sparsely
vegetated land causes surface runoff and sediment rapidly to flow into
the rivers. Sometimes, debris flows are even triggered (Milliman,
1995; Kale and Hire, 2004; Lin et al., 2008). Moreover, in dry years,
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surface soils are vulnerable to TC-associated rainfall and are prone to
water and soil erosion. In the QR and NR, the pg values of SSD in dry
years are 74.2 and 33.5, while those in flood years are only 14.5 and
3.4. Second, the high (low) precipitation occurring on normal days
also induces high (low) water discharge and SSD, which act as a back-
ground to weaken (enhance) the TC effect. For instance, the water dis-
charge of TC days in flood year 1967 is slightly higher than the normal
dailywater discharge (150.5m3/s vs 130.0m3/s), so the effect of TCs ap-
pears to be insignificant. The situation is the opposite in 1978 and 1984.
Meanwhile, according to the Cv values shown in the results, variations
of daily water discharge and SSD in dry TC years are the greatest, and
this is due to the low discharges of ordinary days, which magnifies the
TC-associated discharges, thus magnifying the TC effect in dry periods
compared to flood periods.

6. Conclusion

The water discharge and SSD of mountainous rivers have been
greatly impacted by TCs, while few studies have focused on them. This
paper detects the variations in the tropical cyclone-induced water dis-
charge and SSD of the Qin and Nanliu Rivers, 2 mountainous rivers lo-
cated in the north of the Beibu Gulf, and quantifies the contribution of
tropical cyclones. The main findings are as follows:

(1) TC-induced daily water discharge in QR and NR during July and
August are 9 and 4 times larger than those of non-TC days. TCs
have generated considerable water discharges during a short pe-
riod in the QR and NR.

(2) The net SSD increases in the QR and NR induced by TCs are 20
and 8 times those of normal days. Highwater discharge produces
high SSD, but extremely highwater discharge does not necessar-
ily produce extremely high SSD in these twomountainous rivers.

(3) Daily water discharge and SSD of QR and NR are responsive to in-
tense precipitation. The impacts of TC-induced rainfall on water
discharge and SSD are restricted by the TC characteristics and
basin environment. While TCs induced great variations in water
and SSD of QR, large-scale river systems of NR buffer the TC
power owing to the diversion of tributaries. The hydrological
conditions of non-TC days play a background role that enhances
or weakens the TC effect on water discharge and SSD.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2021.107844.

Declaration of competing interest

The authors declare that there is no conflicts of interest regarding
this paper.

Acknowledgements

This study was supported by the Key Projects of Intergovernmental
Science and Technology Innovation Cooperation of theMinistry of Science
and Technology in China (2018YFE0109900), National Natural Science
Foundation of China (NSFC) (41930537, 41866001), and Key Projects of
Science and Technology of Guangxi Province (AB21076016).

References

Besset, M., Anthony, E.J., Bouchette, F., 2019. Multi-decadal variations in delta shorelines
and their relationship to river sediment supply: an assessment and review. Earth-
Sci. Rev. 193, 199–219.

Bonsal, B.R., Zhang, X., Vincent, L.A., Hogg,W.D., 2001. Characteristics of daily and extreme
temperatures over Canada. J. Clim. 14 (9), 1959–1976.

Chen, X.Y., Wu, L.G., Zhang, J.Y., 2011. Increasing duration of tropical cyclones over China.
Geophys. Res. Lett. 38 (2), L02708.

Chen, B., Dong, D.X., Chen, X.Y., Liu, H., Qiu, S.F., 2014. Analysis of tropical cyclones affect-
ing Guangxi coast over the years and their disaster causes. Mar. Sci. Bull. 33 (5),
527–532 (in Chinese with English abstract).
12
Dagg, M., Benner, R., Lohrenz, S., Lawrence, D., 2004. Transformation of dissolved and par-
ticulate materials on continental shelves influenced by large rivers: plume processes.
Cont. Shelf Res. 24 (7–8), 833–858.

Dai, Z.J., Du, J.Z., Li, J.F., Li, W.H., Chen, J.Y., 2008. Runoff characteristics of the Changjiang
River during 2006: effect of extreme drought and the impounding of the Three
Gorges Dam. Geophys. Res. Lett. 35 (7), L07406.

Dai, Z.J., Chu, A., Du, J.Z., Stive, M., Hong, Y., 2010. Assessment of extreme drought and
human interference on baseflow of the Yangtze River. Hydrol. Process. 24 (6),
749–757.

Dai, Z.J., Chu, A., Stive, M., Du, J.Z., Li, J.F., 2011a. Is the Three Gorges Dam the cause behind
the extremely low suspended sediment discharge into the Yangtze (Changjiang) Es-
tuary of 2006? Hydrol. Sci. J. 56 (7), 1280–1288.

Dai, Z.J., Du, J.Z., Zhang, X.L., Su, N., Li, J.F., 2011b. Variation of riverine material loads and
environmental consequences on the Changjiang (Yangtze) estuary in recent decades
(1955–2008). Environ. Sci. Technol. 45 (1), 223–227.

Dai, Z.J., Liu, J.T., Wei, W., Chen, J.Y., 2014. Detection of the Three Gorges Dam influence on
the Changjiang (Yangtze River) submerged delta. Sci. Rep. 4, 6600.

Dai, Z.J., Liu, J.T., Xiang, Y.B., 2015. Human interference in the water discharge of the
Changjiang (Yangtze River), China. Hydrol. Sci. J. 60 (10), 1770–1782.

Dai, Z.J., Fagherazzi, S., Mei, X.F., Gao, J.J., 2016. Decline in suspended sediment concentra-
tion delivered by the Changjiang (Yangtze) River into the East China Sea between
1956 and 2013. Geomorphology. 268, 123–132.

Darby, S.E., Hackney, C.R., Leyland, J., Kummu, M., Lauri, H., Parsons, D.R., Best, J.L.,
Nicholas, A.P., Aalto, R., 2016. Fluvial sediment supply to a mega-delta reduced by
shifting tropical-cyclone activity. Nature. 539, 276–279.

Farnsworth, K.L., Milliman, J.D., 2003. Effects of climatic and anthropogenic change on
small mountainous rivers: the Salinas River example. Glob. Planet. Chang. 39 (1–2),
53–64.

Gao, J.J., Dai, Z.J., Mei, X.F., Ge, Z.P., Wei, W., Xie, H.L., Li, S.S., 2015. Interference of natural
and anthropogenic forcings on variations in continental freshwater discharge from
the Red River (Vietnam) to sea. Quat. Int. 380-381, 133–142.

Greenwood, J.A., Landwehr, J.M., Matalas, N.C.,Wallis, J.R., 1979. Probability weightedmo-
ments: definition and relation to parameters of several distributions expressable in
inverse form. Water Resour. Res. 15 (5), 1049–1054.

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., Babu, S., Borrelli, P.,
Cheng, L., Crochetiere, H., Ehalt Macedo, H., Filgueiras, R., Goichot, M., Higgins, J.,
Hogan, Z., Lip, B., McClain, M.E., Meng, J., Mulligan, M., Nilsson, C., Olden, J.D.,
Opperman, J.J., Petry, P., Reidy Liermann, C., Sáenz, L., Salinas-Rodríguez, S., Schelle,
P., Schmitt, R.J.P., Snider, J., Tan, F., Tockner, K., Valdujo, P.H., van Soesbergen, A.,
Zarfl, C., 2019. Mapping the world’s free-flowing rivers. Nature. 569, 215–221.

Huang, W.R., 2010. Hydrodynamic modeling and ecohydrological analysis of river inflow
effects on Apalachicola Bay, Florida, USA. Estuar. Coast. Shelf Sci. 86 (3), 526–534.

Jiang, H.Y., Zipser, E.J., 2010. Contribution of tropical cyclones to the global precipitation
from eight seasons of TRMM data: regional, seasonal, and interannual variations.
J. Clim. 23 (6), 1526–1543.

Kale, S.V., Hire, S.P., 2004. Effectiveness of monsoon floods on the Tapi River, India: role of
channel geometry and hydrologic regime. Geomorphology. 57 (3–4), 275–291.

Kubota, H., Wang, B., 2009. How much do tropical cyclones affect seasonal and interan-
nual rainfall variability over the western North Pacific? J. Clim. 22 (20), 5495–5510.

Langbein, W.B., Schumm, S.A., 1958. Yield of sediment in relation to mean annual precip-
itation. Eos Trans. AGU 39 (6), 1076–1084.

Li, S.S., Dai, Z.J., Mei, X.F., Huang, H., Wei, W., Gao, J.J., 2017. Dramatic variations in water
discharge and sediment load from Nanliu River (China) to the Beibu Gulf during
1960s–2013. Quat. Int. 440, 12–23.

Lin, G.W., Chen, H., Chen, Y.H., Horng, M.J., 2008. Influence of typhoons and earthquakes
on rainfall-induced landslides and suspended sediments discharge. Eng. Geol. 97
(1–2), 32–41.

Liu, J.T., Hsu, R.T., Hung, J.J., Chang, Y.P., Wang, Y.H., Rendle-Bühring, R.H., Lee, C.L., Huh,
C.A., Yang, R.J., 2016. From the highest to the deepest: the Gaoping River-Gaoping
Submarine Canyon dispersal system. Earth-Sci. Rev. 153, 274–300.

Lu, X.X., 2004. Vulnerability of water discharge of large Chinese rivers to environmental
changes: an overview. Reg. Environ. Chang. 4, 182–191.

Meade, R.H., Yuzyk, T.R., Day, T.J., 1990. Movement and storage of sediment in rivers of
the United States and Canada. In:Wolman, M.G., Riggs, H.C. (Eds.), SurfaceWater Hy-
drology. Geological Society of America, pp. 255–280.

Miles, T., Seroka, G., Kohut, J., Schofield, O., Glenn, S., 2015. Glider observations and
modeling of sediment transport in Hurricane Sandy. J. Geophys. Res. Oceans 120
(3), 1771–1791.

Milliman, J.D., 1995. Sediment discharge to the ocean from small mountainous rivers: the
New Guinea example. Geo-Mar. Lett. 15, 127–133.

Milliman, J.D., Farnsworth, K.L., 2011. River Discharge to the Coastal Ocean: A Global Syn-
thesis. Cambridge University Press, Cambridge, pp. 13–69.

Milliman, J.D., Syvitski, J.P.M., 1992. Geomorphic/tectonic control of sediment discharge to
the ocean: the importance of small mountainous rivers. J. Geol. 100 (5), 525–544.

Mouri, G., Ros, F.C., Chalov, S., 2014. Characteristics of suspended sediment and river dis-
charge during the beginning of snowmelt in volcanically active mountainous envi-
ronments. Geomorphology. 213, 266–276.

Picouet, C., Hingray, B., Olivry, J.C., 2001. Empirical and conceptual modelling of the
suspended sediment dynamics in a large tropical African river: the Upper Niger
river basin. J. Hydrol. 250 (1–4), 19–39.

Redmond, G., Hodges, K.I., Mcsweeney, C., Jones, R., Hein, D., 2015. Projected changes in
tropical cyclones over Vietnam and the South China Sea using a 25 km regional cli-
mate model perturbed physics ensemble. Clim. Dyn. 45, 1983–2000.

Rodgers, E.B., Adler, R.F., Pierce, H.F., 2001. Contribution of tropical cyclones to the North
Atlantic climatological rainfall as observed from satellites. J. Appl. Meteorol. Climatol.
40 (11), 1785–1800.

https://doi.org/10.1016/j.geomorph.2021.107844
https://doi.org/10.1016/j.geomorph.2021.107844
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0005
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0005
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0005
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0010
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0010
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0015
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0015
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0020
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0020
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0020
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0025
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0025
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0025
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0030
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0030
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0030
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0035
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0035
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0035
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0040
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0040
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0040
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0045
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0045
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0045
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0050
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0050
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0055
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0055
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0060
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0060
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0060
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0065
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0065
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0070
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0070
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0070
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0075
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0075
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0075
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0080
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0080
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0080
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0085
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0090
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0090
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0095
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0095
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0095
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0100
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0100
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0105
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0105
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0110
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0110
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0115
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0115
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0115
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0120
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0120
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0120
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0125
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0125
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0130
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0130
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0135
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0135
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0135
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0140
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0140
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0140
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0145
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0145
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0150
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0150
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0155
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0155
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0160
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0160
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0160
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0165
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0165
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0165
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0170
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0170
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0170
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0175
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0175
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0175


R. Tang, Z. Dai, X. Zhou et al. Geomorphology 389 (2021) 107844
Shepherd, J.M., Grundstein, A., Mote, T.L., 2007. Quantifying the contribution of tropical
cyclones to extreme rainfall along the coastal southeastern United States. Geophys.
Res. Lett. 34 (23), L23810.

Turner, R.E., Baustian, J.J., Swenson, E.M., Spicer, J.S., 2006. Wetland sedimentation from
Hurricanes Katrina and Rita. Science. 314 (5798), 449–452.

Vörösmarty, C.J., Mclntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., Reidy Liermann, C., Davies, P.M., 2010. Global
threats to human water security and river biodiversity. Nature. 467, 555–561.

Walling, D.E., 2006. Human impact on land–ocean sediment transfer by theworld’s rivers.
Geomorphology. 79 (3–4), 192–216.

Walling, D.E., Fang, D., 2003. Recent trends in the suspended sediment loads of the
world’s rivers. Glob. Planet. Chang. 39 (1–2), 111–126.

Wang, H.J., Yang, Z.S., Saito, Y., Liu, J.P., Sun, X.X., Wang, Y., 2007. Stepwise decreases of the
Huanghe (Yellow River) sediment load (1950–2005): impacts of climate change and
human activities. Glob. Planet. Chang. 57 (3–4), 331–354.
13
Wheatcroft, R.A., Goñi, M.A., Hatten, J.A., Pasternack, G.B., Warrick, J.A., 2010. The role of
effective discharge in the ocean delivery of particulate organic carbon by small,
mountainous river systems. Limnol. Oceanogr. 55 (1), 161–171.

Wiegel, R.L., 1996. Nile Delta erosion. Science. 272 (5260), 338–340.
Wing, A.A., Sobel, A.H., Camargo, S.J., 2007. Relationship between the potential and actual

intensities of tropical cyclones on interannual time scales. Geophys. Res. Lett. 34 (8),
L08810.

Yang, S.L., Zhang, J., Xu, X.J., 2007. Influence of the Three Gorges Dam on downstream de-
livery of sediment and its environmental implications, Yangtze River. Geophys. Res.
Lett. 34 (10), L10401.

Yu, Z.F., Wang, Y.Q., Xu, H.M., Davidson, N., Chen, Y.D., Chen, Y.M., Yu, H., 2017. On the re-
lationship between intensity and rainfall distribution in tropical cyclones making
landfall over China. J. Appl. Meteorol. Climatol. 56 (10), 2883–2901.

http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0180
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0180
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0180
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0185
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0185
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0190
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0190
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0195
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0195
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0200
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0200
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0205
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0205
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0205
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0210
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0210
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0210
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0215
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0220
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0220
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0220
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0225
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0225
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0225
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0230
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0230
http://refhub.elsevier.com/S0169-555X(21)00252-X/rf0230

	Tropical cyclone-�induced water and suspended sediment discharge delivered by mountainous rivers into the Beibu Gulf, South...
	1. Introduction
	2. Study area
	3. Materials and methods
	3.1. Materials
	3.2. Methods
	3.2.1. TC selection
	3.2.2. Sediment rating curve
	3.2.3. Classification of hydrological years and coefficient of variation
	3.2.4. Contributions of TCs to water and SSD
	3.2.5. TC-induced growth rate of water discharge and SSD


	4. Results
	4.1. Variations in water discharge and SSD in non-TC years
	4.2. Variations in water discharge and SSD under the influence of TCs
	4.3. Relationships between daily water discharge and SSD
	4.4. The contribution of TCs to the water discharge and SSD

	5. Discussion
	5.1. Impacts of precipitation
	5.2. Impacts of TC characteristics
	5.3. Impacts of catchment environment

	6. Conclusion
	Declaration of competing interest
	Acknowledgements
	References




