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ARTICLE INFO ABSTRACT

Investigating the suspended sediment dynamic is useful for gaining a more comprehensive understanding of
runoff and sediment yield process. The study analyzes the sediment flow behavior in relation to the flood pat-
terns in the Xichuan River catchment on the Loess Plateau. Based on 23-year hydrological data collected from
Zaoyuan hydrological station and K-medoids clustering method, one hundred and twelve flood events data were
classified into four flood patterns. The hydrologic features of different flood patterns exhibit significant differ-
ences. The values of the mean runoff depth, the mean flood duration, and the mean flood peak discharge de-
creased as the following order: Pattern A > Pattern C > Pattern D > Pattern B. Each flood pattern results in
differing levels of the event sediment yield (SY), the SY of Pattern A (10,275.33 tkm~2) and Pattern C
(1196.39 tkm ~2) were larger than those from Pattern B (218.84 ttkm~2) and Pattern D (693.84 t.km ~2). These
results indicated that greater attention should be paid to Pattern A and Pattern C because of the largest sediment
delivery effect. Multiple stepwise regressions analysis suggested that the contribution of main runoff-related
factors to event sediment yield varied with different flood patterns. In addition, hysteretic analysis between
suspended sediment concentration and runoff suggested that counter-clockwise and figure-eight loops were the
dominant loops. The results provided a useful information to flood pattern classifications and suspended sedi-
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ment dynamics research, and enriched the sediment control theory at the watershed scale.

1. Introduction

Suspended sediment transport, which is a complex process related
to rainfall characteristics, runoff discharge and sediment availability, is
significantly influenced by spatial-temporal heterogeneity of hydro-
logical and geomorphological process (Zabaleta et al., 2007). Rainfall
plays a critical role in soil-particle detachment, whereas the surface
runoff is the fundamental driving force for sediment delivery, which is a
necessary prerequisite for sediment-laden flow transportation processes
during individual hydrological events. Accordingly, a growing need for
studying suspended sediment dynamics has been noticed by numerous
researchers due to its significant ecological and environmental effects
(Fang et al., 2011; Oeurng et al., 2010; Sun et al., 2016). It will be
beneficial for the improvement of our understanding on the spatial
distribution and dynamic of sediment through exploring the relation-
ship among rainfall, runoff and sediment (Asselman, 1999; Porto et al.,

2011; Zhao et al., 2016).

The suspended sediment concentration and discharge (SSC-Q) hys-
teresis types could be employed to interpret suspended sediment dy-
namics. The shapes of hysteretic loops, including clockwise, counter-
clockwise, figure-eight and complex, are useful to determine the sedi-
ment availability and the approximate spatial distribution of sediment
sources of a single event within the drainage system (Buendia et al.,
2016; Lefrancois et al., 2007). For example, Fang et al. (2011) in-
vestigated various patterns of SSC-Q hysteresis loops at different tem-
poral scales, indicating that the sediment dynamic change of storage
seasons could be explained by the seasonal ‘store-release’ process. Using
the SSC-Q relationship, Zhao et al. (2017) explored the potential causes
of variations in runoff and sediment load from three driving forces:
climate changes, soil and water conservation measures and check dams,
and pointed out the effect of human activities on the runoff-sediment
dynamics. Despite a number of researches on sediment dynamics and
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hysteretic relationships at different spatial and temporal scales (Baca,
2008; Deasy et al., 2009; Loépez-Tarazén et al., 2009; Sayer et al., 2006),
relatively limited studies have been conducted to understand the sedi-
ment transport processes under various hydrologic patterns. In addi-
tion, the restriction of field monitoring and data collection prevents
further investigations of the event-based sediment dynamics within the
large-scale and meso-scale systems (Tian et al., 2016). It was thus es-
sential to fully investigate the hydro-sedimentary dynamic of meso-
scale watershed, and the runoff-sediment relationship under various
flood patterns.

The Loess Plateau, located in the upper and middle reaches of the
Yellow River in northwestern China, has been suffered from severe soil
erosion, which harms local ecosystem and social economy seriously
(Mu et al., 2007; Tang et al., 1991; Zhao et al., 2013). During the past
several decades, a series of soil and water conservation measures and
eco-rehabilitation strategies have been implemented to greatly reduce
the soil erosion rates and decreased the sediment load of Yellow River
(Wang et al., 2007). The main objectives were to (i) examine the
dominant hydrological variables that have a major influence on sedi-
ment yield and delivery by analyzing the relationship between rainfall,
discharge and sediment at the flood event scale, (ii) explore the re-
lationship between the sediment yield and predominated hydrologic
variables under different patterns of flood events, (iii) identify the se-
diment sources of different SSC-Q hysteresis loops.

2. Material and methods
2.1. Study area

The Yanhe catchment covers an area of 7725 km? in the south of the
Loess Plateau. This basin is characterized by steep gullies, suffering
from severe soil erosion and extremely high sediment yields (Wang
et al., 2015). It has a typical temperate continental semi-arid monsoon
climate with an average annual rainfall of 500-550 mm. The main
surface material of the basin is fine loess soil.

e Xichuan River catchment isomne of the first-order tributaries o
ﬁhe River (Fig. 1). The catchment covers an area of approxi-
mately 801 km?, with altitude varying from 800 m to 1600 m and the
main river length of 65.3km. The drainage area gauged by Zaoyuan
station (N 36°38"; E 109°20") is 719 km?, about 13km apart from the
estuary. The average annual temperature is 9.4°C and the average
annual precipitation is 520.0 mm. The annual precipitation exhibits an
extremely uneven characteristic and most of the precipitation in this
area falls between May and September in the form of short-duration,
high-intensity rainstorms. Consequently, runoff is mostly concentrated
in the rainy season (Bai, 2011). In addition, rainstorms lead to severe
soil erosion and extraordinarily high sediment yields. The average an-
nual runoff and sediment load at the hydrological gauging station are
2.17 x 10’ m® (31 mm/a) and 3.15 X 10°t (4,437 t/km>/a), resp
ively, between 1971 and 2013.

2.2. Data sources

Since the 1950s, the Yellow River Commission Committee has set up
numerous hydrologic stations to monitor flow and sediment process to
reflect erosion and sediment yield in the Loess Plateau. The precipita-
tion data acquired from six rainfall gauge stations distributed across the
study area. Runoff and sediment data since 1974 were collected at the
Zaoyuan hydrologic station, which was_situated withif the Xichuan
river watershed in Yan'an City, Shaanxi Province. Rainfall, runoff and
suspended sediment transport data at these gauge stations were ac-
quired from the Yellow River Hydrological Year book (Yellow River
Conservancy Committee, 1974), which was issued by Yellow River
Conservancy Commission (YRCC) of the Ministry of Water Resources of
People's Republic of China (PRC).

Water levels, sediment concentrations and precipitation were
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continuously monitored to explore precipitation conditions, hydro-
logical responses and sediment dynamics. For the majority of the flood
events, the duration of flood process lasted for merely a short period of
time. Therefore, to capture the hydrological processes during floods,
the sampling interval was intensive (6 or 12 min) during the peak flow
period, but after floods, it was generally 4-6 h. The water level was
measured by an automatic water level recorder, then the water level
could be transformed into runoff by means of the calibrated runoff—-
water level curves. Sediment flow sampling was undertaken using
horizontal samplers or bottles. The suspended sediment concentration
was obtained by the gravimetric method in a laboratory. The sample
concentrations were determined using a displacement formula in cases
of high concentrations. For a more detailed information about this
method, kindly refer to Zheng et al. (2015). At low sediment con-
centration, the runoff samples with sediment were settled separated
from the water through a filter, and then the residue was oven dried at
105 °C for 24 h. The weight of each dried residue and the sample vo-
lume provided the SSC. The sample concentration then could be used as
a surrogate for the cross-section concentration. The sediment yield
could then be calculated based on runoff, suspended sediment con-
centration, and time interval for a single flood event. The whole pro-
cess, including hydrological survey, sampling and experimental de-
termination, followed international standards and methods entirely,
and all the data have been verified strictly when they were published.
Rainfall, runoff and suspended sediment transport data at these
gauge stations were acquired from the Yellow River Hydrological Year
book (Yellow River Conservancy Committee, 1974), which was issued
by Yellow River Conservancy Commission (YRCC) of the Ministry of
Water Resources of People's Republic of China (PRC). Single complete
flood event can be conceptually considered as: starting when stream
increase above the base flow to the time when merely base flow con-
tribute to discharge (Eder et al., 2010). The impact of base flow on the
total runoff during the flood events was fairly limited, hence, base flow
separation was not processed in this study. In order to exclude flood
events with low sediment transport rate in the channel, some reason-
able restrictions were essential to set: runoff depth is in excess of
0.10 mm, flood peak discharge is higher than 7.50 m®s~! and the flood
durationi an min. ing to the presupposed standard
ove, a total of 112 flood events and the correspondti i
which occurred between 1974 and 2013 (data during the perio
1990-2006 were missing) were selected for the analysis of the runoff-
‘sediment relationships——
Land use data at a spatial resolution of 30 m for 1990 and 2010 were
provided by the Data-Sharing Network of China Earth System Science
(www.geodata.cn). Based on high resolution Landsat TM images, the
land use databases were developed by visual interpretation and digi-
talization. The data quality and results were verified by field campaigns
before their release. The land use of Xichuan River basin is classified
into six types: forest, grassland, bare or unused land, arable land, water
body and urban area.

2.3. Methods for data analysis

For each flood event, the various hydrological variables were used
to describe the individual flood hydrographs and sediment delivery
characters, and the related variables of runoff, sediment, and pre-
cipitation are listed in Table 1.

For a specific flood event, the time interval for the hydrological
observations is assumed as At, instantaneous discharge and suspended
sediment concentration is Q; and S, respectively, and the controlled
area of the Zaoyuan hydrologic station is A. The flood runoff depth (H)
is calculated as follows:

S @d s qar

H(4,5) =
(4, ) " "

@
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Fig. 1. Location of the Xichuan River catchment.

Table 1
Flood variables and corresponding abbreviations.

Runoff-relevant Sediment-relevant variable

variable

Precipitation-relevant
variable

Flood runoff depth Event sediment yield (SY, Total precipitation (P,

(H, mm) tkm~2) mm)
Flood duration (T, Mean suspended sediment Rainfall intensity (I,
min) concentration (SSC, kg'm ™) mmh™1)
Peak discharge (Q,, Maximum suspended sediment
m3s™ 1) concentration (Spax, kg~m_3)
Mean discharge (Qp,
m®s~1)

Flow variability (FV)

The sediment yield (SY) for a flood event within the interval (t;, t5)
can be calculated as:

15
Sy SiQdt w5,
A A

SY (tla tZ) = (2)
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The flow variability is defined as the ratio of flood peak discharge
(Qp) to mean discharge (Qy,), then the following formula can be ob-
tained:

@
Qn

FV =
(3)

By using the hydrological variables above, we investigated the flood
events for the periods from 1974 to 1989 and 2007 to 2013 to better
understand the runoff-sediment dynamics under different flood pat-
terns.

Clustering analysis has been widely adopted to categorize objects in
accordance with their resemblance in scientific fields (Peng and Wang,
2012). Among the numerous clustering methods, K-medoids uses
squared Euclidean distance measure and the k-means + + algorithm for
choosing initial cluster medoid positions, and the group number is re-
quired to determine before classification. Discriminant analysis was
applied to determine the optimal clusters by Fisher's discriminant
function. In the current study, 112 flood events were selected as the
statistical sample, K-medoids and discriminant analysis were applied to
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classify the flood events according to T, H, and Q,. The classifications of
flood events met the ANOVA criterion at the 0.001 significant level. The
Fisher's discriminant functions that were employed in the discriminant
analysis were showed as follows:

Gy = 1.049H + 0.087T + 0.069Q, — 166.187 4
G, = —0.453H + 0.025T + 0.01Q, — 9.455 5)
Gs = —0.461H + 0.064T + 0.022Q, — 55.735 )
Gy = —0.523H + 0.043T + 0.017Q, — 25.765 %)

where Gy (k = 1, 2, 3, 4) is the classification score for group k.

The discharge and suspended sediment concentration values of
flood events were used to draw and analyze SSC-Q hysteresis loops. In
general, the hysteresis loops mainly include four shapes, namely
clockwise, counter-clockwise, figure-eight, and complex loop (Tian
et al., 2016; Williams, 1989), which could be employed to reflect the
variations in sediment sources and sediment depletion (Buendia et al.,
2016). The hysteresis loops reflect the SSC-Q behavior, and was also
related to suspended sediment dynamics in the sediment supply and
sediment transport process at the event scale (Luk, 1997; Soler et al.,
2008).

3. Results
3.1. Sediment yield variations among flood events

Table 2 shows the frequency distribution of flood event sediment
yield in the Xichuan River basin during 1974-1989 and 2007-2013. All
the flood events were divided into five levels according to the magni-
tude of sediment yield: relative small flood events (0-100 tkm~32),
small flood events (100-1000tkm~2), medium flood events
(1000-5000 tkm ~2), large flood events (5000-10,000 tkm~2) and ex-
tremely large events (> 10,000 tkm ~2).

Among the 112 flood events, there was only one extremely large
flood event with sediment yield > 10,000 tkm ™2 The occurrence
frequency of small flood events was much more often than any other
level events, reached up to 52%. There were 36 extreme small flood
events and 16 medium flood events, accounting for 32% and 14% of the
total, respectively.

Table 3 shows the different characteristics of rainfall, runoff and
suspended sediment for the 112 flood events in the Xichuan River
catchment. According to descriptive statistics of selected flood events,
almost all variables fluctuated in a wide scope in the period 1974-1989
and 2007-2013. The duration of the flood events ranged from 252 to
2160 min, with an average value of 1008.2 min. The proportion of flood
events that exceed 1500 min account for about 8.9%, merely 10 events,
however, up to 50% of the flood events whose duration was shorter
than the average value. H varied from 0.12 mm to 22.04 mm, with a
mean value of 1.90 mm. There were 81 flood events with H lower than
1.90mm, and 8 events having that > 5mm. The average of Q, was
165.50 m>s ™!, and the highest value reached 2460 m>s~1, with the
minimum of 7.94m>s™'. FV ranged from 1.88 to 53.79, with an
average value of 6.64, the magnitude of FV was generally small: merely
17 events (15.2%) exceeded 10, by contrast, 61.6% of the total events
were lower than 6.

Table 2
The frequency distribution of flood event sediment yield.
Station  Sediment yield (tkm~?2) Total
0-100 100-1000 1000-5000 5000-10,000 > 10,000
Zaoyuan 36 58 16 1 1 112
Frequency of occurrence (%)
32% 52% 14% 1% 1% 100%
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Table 3
Descriptive statistics of rainfall-runoff-sediment events.

Variables Statistical description

Max. Min. Mean Std. dv. Ccv
T/min 2160.00 252.00 1008.16 397.23 0.39
H/mm 22.04 0.12 1.90 3.08 1.62
Qp/m3s~! 2460.00 7.94 165.50 310.76 1.88
Qu/m>s™! 115.88 1.56 17.54 20.98 1.2
FV 53.79 1.88 6.64 5.88 0.88
P/mm 101.10 1.65 23.06 19.70 0.85
I/mmh ! 45.88 0.60 5.47 6.33 1.16
SY/tkm 2 11,033.40 12.69 749.88 1561.34 2.08
SSC/kgm ™3 901.36 33.92 314.31 155.67 0.50
Smax/kgm ™3 975.00 41.10 482.29 192.11 0.40

The SY of flood events had a range of 12.69-11,033.40 tkm ~ 2, with
a mean value of 749.88 tkm™2 Flood events with SY larger than
3000 tkm ™2 were merely observed in extremely low frequency (7
events), nevertheless, events below 800 tkm ~2 occupied a large portion
of the total events, which could reach up to 91 times (81.2%). SSC
varied from 33.92kgm ™3 to 901.36kgm™> with an average of
314.31kgm™3 S, had a range between 41.102kgm~> and
975.00 kg'm 3, and the events with S, > 500 kg'm ~ accounted for
approximately 54.5% of the total events. Additionally, the coefficient of
variation (CV) of SSC and Sy,.x was relatively low compared with the Q,
and Qp,.

3.2. Correlation among rainfall, runoff, and sediment yield

Fig. 2 shows the simple regression among different variables of
flood events. A wide range of sediment responses to flood runoff were
found in the study area. The SY had extremely remarkable correlations
(p < 0.01) with hydrological variables (H, Qp, Qm, and FV). In parti-
cular, the strongest linear correlation was detected between H and SY
with a correlation coefficient of 0.98. Thus, H was the most primary
variable influencing the event sediment yield of the basin. On the other
hand, SSC and S,,.x were well correlated with hydrological variables,
suggesting that total runoff volume, peak flow, mean discharge, and
flow variability were characterized by the potential of sediment de-
tachment and delivery. In addition, T was significantly correlated with
FV and SY. From the perspective of hydrology, flood duration de-
termined the time length of channel erosion and sediment transport
course, meanwhile, serves as an influencing factor of flow variability at
the event scale. The total precipitation was statistically significant
(p < 0.01) correlated to H, Qp, and Qp, thus the fluctuation of pre-
cipitation would led to corresponding hydrological response. No re-
markable or weaker correlations were observed between the total
precipitation and the suspended sediment concentration (SSC and
Smax). However, the total rainfall was significant relative to SY, and the
rainfall intensity had a significant impact on SSC and S;x.

3.3. Flood event classification

Fig. 3 exhibits four different patterns of the 112 flood events
(p < 0.01). The scatters of discrimination functions for single flood
pattern were well accumulated in four regions, indicating that the
clustering result is relatively rational. The scatters of pattern C were
relatively decentralized, whereas the scatters of Pattern B and Pattern D
were more compacted. Furthermore, the boundary of Patterns B, C, and
D was blurry, whereas Pattern A was relatively far from the other three
patterns. The distribution of scatters suggested that the flood features of
Patterns B, C, and D showed some similarity and Pattern A was ob-
viously different from the others. Therefore, the two events included in
Pattern A could be considered as extreme events.

Fig. 4 shows the characteristics of hydrological variables for
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different flood patterns. Among all the flood events, only two events
belonged to Pattern A, having longest flood duration, the highest runoff
depth, the largest flood peak discharge and the maximum flood varia-
bility. A total of 43 flood events belonged to Pattern B. They were
characterized by the shortest duration and flood variability, the lowest
flood peak discharge and flow depth. Flood events of Pattern C (15
events) had long flood duration, high peak flow, large runoff depth, and
high flood variability. Pattern D (52 events), which was characterized
by a medium runoff depth, medium flow variability, medium duration,
and medium peak flow, was the most commonly type of flood events. In
contrast, the hydrological variables of Pattern C exhibited higher
variability compared with those of Pattern B and Pattern D. For ex-
ample, H ranged from 0.120 to 4.827 mm for Pattern B, but from 0.178
to 12.067 mm for Pattern C.

3.4. Flow-sediment relationship under various flood patterns

In general, sediment yield of flood events depend, to a great extent,
on the combined effect of the runoff-related factors. Stepwise multiple
regressions were conducted to determine the major controlling hydro-
logical variables affecting event sediment yield across different flood
patterns. Egs. (8)—(10) showed the fundamental relationship formula
between hydrological factors and event sediment yield. The events in
Pattern A and Pattern C were merged into one pattern to perform re-
gression analysis due to their similarities and the limited number of
floods in Pattern A.

SY = ¢3H", R? = 0.972, p < 0.01(Pattern_A & Pattern_C) ©))
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SY = e8BHLB3T-048 R2 = 0.952, p < 0.01(Pattern_B) 9

SY = e?OH2IT—058 R? = 0.947, p < 0.01(Pattern_D) (10)

According to Egs. (8)-(10), the hydrological variables (H and T)
influencing SY varied with different flood patterns. The event sediment
yield of Pattern A and Pattern C (large flood events) were mainly po-
sitively determined by runoff depth. No statistically significant linkage
between flood duration and event sediment yield was observed for the
two flood patterns. In terms of Pattern B and Pattern D (medium and
small flood events), the two runoff parameters were all included to
estimate the sediment yield, and the event sediment yield had positive
correlations with flow depth, whereas a negative correlation with flood
durations.

3.5. Hysteretic loops

The SSC-Q hysteresis loops were further applied to investigate the
dynamic changes of the relationship between suspended sediment
concentration and runoff. Table 4 presents different types of hysteresis
loops for different flood patterns in the Xichuan River catchment. Ob-
viously, counter-clockwise and figure-eight loops were the dominant
hysteresis loops types in all recorded flood events, which accounted for
over 74% of the total events. Of the 112 events, forty-three events had a
counter-clockwise loop, forty followed the eight-shaped clockwise loop
and twenty seven were complex hysteresis, and only two events be-
longed to clockwise loop. With respect to the quantity of Pattern B, 21/
43 flood events showed an anticlockwise hysteretic loop during the
whole period, fifteen of the 43 flood events presented figure-eight
hysteresis loops, and seven events had a clockwise hysteretic loop
(Table 4). The complex hysteresis loops were the main type for Pattern
C, including eight complex hysteresis loops, five counter-clockwise
hysteresis loops and two figure-eight hysteresis loops. For the Pattern D,
the figure-of-eight-shaped hysteretic loop was the main type, and only
two clockwise hysteretic loops were found in this pattern. All the events
in pattern A belonged to complex hysteresis loops. This indicated that
complex hysteresis loops took up the highest proportion for the large

Table 4
Hysteresis loops analysis of different flood patterns.

Flood pattern Hysteretic loops

Complex Counter-clockwise Figure-eight Clockwise
A 2 0 0 0
B 7 21 15 0
C 8 5 2 0
D 10 17 23 2
Total 27 43 40 2
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flood events, whereas the counter-clockwise loops appeared more fre-
quently in the relatively small events.

Various patterns of hysteretic loops have been found in the catch-
ment. Complex hysteresis loops included events with two or more types
loop frequently (i.e. different hysteresis loops coexisted in the same
flood through different combinations and order). Fig. 5 shows four
examples of complex hysteresis loops of different flood patterns. Gen-
erally, the complex hysteresis loops had several runoff peak values and
sediment peaks. For instance, the event that recorded on July 5, 1977
(Fig. 5a) lasted up to approximately 36 h, and consisted of three flood
peak discharge values and four sediment peaks. Furthermore, the
fluctuation of flow discharge and suspended sediment concentration
was quite large. Therefore, the corresponding hysteresis loops (Fig. 5b)
presented extremely complex situation. As shown in Fig. 5b and d, the
hysteresis loop presented complex mixtures of clockwise and antic-
lockwise loops.

When the flow discharge reached the peak prior to the suspended
sediment concentration during one flood event, the counter-clockwise
hysteretic loop could be identified. Two typical counter-clockwise loops
characterized the floods of July 6, 1986 and June 27, 1988. As shown in
Fig. 6, a sharp increase in sediment concentration was detected as
runoff discharge increased, and the flow discharge peaked firstly. The
SSC was significantly lower in the rising stage of the hysteresis loops
graph than in the falling stage with flow discharge level being equal.
For instance, when the discharge value was in a level of 53.6 m%s™!
during the event of June 27, 1988 (Fig. 6d), the SSC of rising stage was
236 kgm 3, while the value was up to 642kg:m > on the recession
stage. In addition, the changing tendency of runoff and sediment con-
centration as well as hysteresis were basically coincident between the
two flood patterns. The SSC peaked within hours following the runoff
peak that was induced by rainstorm events, which further corroborated
the site of sediment sources were remote from the gauging station.

As shown in Fig. 7, figure-eight hysteresis loops consisted of
clockwise and anticlockwise loop. This type could be interpreted with
two parts distinguishing by one point that SSC to Q ratio of the rising
limb are equal to the ratio in the falling limb. Accordingly, the SSC/Q
ratio in the rising stage were much less than that in the falling stage for
low discharge, whereas the corresponding ratio presented the opposite
situation for higher discharges (Fig. 7b and d).

Clockwise hysteretic loops were observed in the Xichuan River for
the floods of July 26, 2013, July 5, 1988 (Fig. 8). When runoff peak
lagged behind the SSC peak or the two variables peaked at the same
time, a clockwise hysteresis occurred. Unlike the counter-clockwise
hysteretic loops, the SSC was higher during the rising limb than the
falling limb for a clockwise hysteretic loop. As shown in the hydro-
graphs and sedigraphs (Fig. 8a and c), the SSC was in a trend of sharp
increase at the initial stage of the flood event.
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Fig. 5. Complex hysteresis loops.

4.1. Hydrologic and sediment characteristics

Surface runoff was the dominant driving force for sediment trans-
port. Generally, the runoff depth could be applied to reflect the
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sediment transport capacity of surface runoff, which had been verified
in many studies (Zhang et al., 2016; Zheng et al., 2008; Zheng et al.,
2013). Their results indicated that rainfall alone did not control sedi-
ment transport in such highly dynamic systems but worked in combi-
nation with the production, erosion and availability of sediment
(whether stored in channels or confined in badlands). The correlation
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Fig. 6. Counter-clockwise hysteretic loops.

240



Catena 173 (2019) 234-245

J. Hu et al.
0@ - 17/8/1976 600 @) Figure-eight loop
il
£ 25F 500
[-M
50 - I Precipitation 400}
N ——Q -+-S8C fe00 E
2t i, £ 300}
<0
@ {400 € 2
g 16} \ 2 200}
=4 \- 1200 2
8t N e 2 100 |
\.Qo
0 1 1 1 1 1 7 0 0 1 1 1 1
23:50 01:00 03:12 04:00 06:00 12:00 0 5 10 15 20 25
Time (hour:minute) Q/(mz/s)
Figure-cight 1
) ( cl ) } 2243/7/20;3 600 () igure-eight loop
g or 500 |
=™
140 B Precipitation 400
60| ——Q = SSC Jeo0  E
?ﬂ o
o~ i‘-" 300 - / o/.
g O
z 40} {400 £ @ o
°g g ? 200 //
~ b o
le), O
S ot {200 @ i L
@100 //'
—___./0' c
& L L ! a 0 fi ! L L 1
05:48  08:00 1224  19:30 0 10 20 30 40 50 60
Time (hour:minute) Q/(mJ/s)

analysis in the present study suggested that the main hydrologic vari-
ables (H, Q,, and Qp,) displayed a significant correlation with SY in the
study period (Fig. 2). This finding confirmed that runoff discharge was
the most relevant factor controlling the sediment yield in the study area

Fig. 7. Figure-eight hysteretic loops.

(Zheng et al., 2008). Nevertheless, relatively low correlation was ob-
served between the SSC and the hydrological variables. The poor SSC-Q
statistical relationship was consistent with other researches of event-
related suspended sediment dynamics (Estrany et al., 2009; Pierson,
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241



J. Hu et al.

2005). Zheng et al. (2012) pointed out that SSC had no correlation with
H at various spatial scales from the hilltop to the watershed for a single
event. One possible reason for this is that sediment supply of Loess
Plateau was generally abundant without limit and thus SSC depended
largely on the transport capacity of flows instead of runoff volume (i.e.
small-scale floods could generate hyper-concentrated flow, rather, the
SSC might also be low level for large floods). A similar relatively weak
relationship had been detected between S.x and Qpnax (Fig. 2), and
further verified previously studied results that sediment response did
not depend solely on discharge values (Lenzi and Marchi, 2000; Walling
and Webb, 1982).

The spatial-temporal heterogeneity of precipitation played an in-
dispensable role in sediment yield which was induced by soil erosion. In
this study, rainfall intensity had a weak or non-significant relationship
with runoff variables and SY, while a dramatic correlation with SSC.
This might be due to the fact that the high intensity storm had a de-
structive effect on the soil surface and was prone to produce hyper-
concentrated flow. And previous research in the loess regions has also
shown that high sediment concentrations could be observed even when
flow discharge was quite low due to the high intensity rainstorms (Xu,
2004). These analysis above illustrated that SY was mainly dependent
upon the magnitude of flood runoff volumes (depth), whereas event-
based SSC and S,.x were mainly influenced by the rainfall intensity.

4.2. Influence of flood patterns on sediment yield

Previous studies used correlation analyses to investigate the re-
lationships between the runoff and event sediment yield (Cai et al.,
2004; Lane et al., 1997). For the highly erodible catchment of the Loess
Plateau, the SY-H relationship could be well modeled using the pro-
portional model proposed by Zheng et al. (2007) and Zheng et al.
(2008). This model was valid for various scales from the hill slope to the
large-sized catchment where easily erodible materials supply was suf-
ficiently. As a result of some large-scale reforestation project, especially
the “Grain for Green” Project, vegetation coverage and land use types in
the Xichuan River catchment had significantly changed since 1990s
(Fig. 9). Table 5 compares the land use areas at the two dates (1990 and
2010). A remarkable increase in grassland and an evident decrease in
arable land could be identified. In 1990, grassland covered approxi-
mately 37.18% of the entire catchment, whereas in 2010, grassland
coverage was 46.87%, corresponding to a remarkable coverage increase
in the catchment. In contrast, the area of arable land decreased from
301.09 km? in 1990 to 218.22km? in 2010. As with land use impacts
considered above, the runoff and sediment response of the catchment is
likely to have changed greatly. Numerous studies have confirmed that
human-induced ecological restoration played an important role in the
reduction of runoff and subsequent sediment load on the Loess Plateau
(Rustomji et al., 2008; Zhao et al., 2016). However, there might be

Catena 173 (2019) 234-245

Table 5

Land use changes as of two dates in the Xichuan River catchment.
Area 1990 2010

km? % km? %

Grass land 297.82 37.18 375.44 46.87
Forests 198.95 24.84 203.68 25.43
Arable land 301.09 37.59 218.22 27.25
Water body 2.59 0.32 0.19 0.02
Urban area 0.45 0.06 3.47 0.43
Bare/unused land 0.10 0.01 0.00 0.00

differences in the mechanism of sediment reduction among different
flood patterns. As Zheng et al. (2008) and Zheng et al. (2013) ad-
dressed, the runoff-sediment relationship remains relatively invariant
for large runoff events, and this relationship do not change with the
implement of human-dominated vegetation practices for soil con-
servation. Consequently, the reduction of sediment export at the outlet
could be attributed to the decrease the flood runoff amount for large
flood events (i.e. the sediment-reduction efficiency is approximately
equal to the runoff-reduction efficiency). This may lead to the failure of
the vegetation and other slope land measures in controlling sediment
yield at the catchment scale. Nevertheless, for the relatively minor flood
events, the runoff-sediment relationship might be unsteady. As ecolo-
gical restoration measures continue, the runoff-sediment relationships
of small and medium runoff events will inevitably change. Therefore,
determining the mechanism of sediment reduction will be beneficial to
assess soil erosion control strategies effectively. The contribution of
different flood patterns to the summed sediment load was 24.5%
(1.48 x 1071), 11.2% (6.77 x 10°t), 21.4% (1.29 x 107 t) and 42.9%
(2.59 x 107 t) for Patterns A, B, C, and D, respectively. For the sediment
load of single event, the contribution rate of only two flood events
(Pattern A) reached up to 24.5%. This was consistent with other pre-
vious studies in that sediment load of the watershed primarily came
from a small number of flood events at the event scale (Estrany et al.,
2009; Fang et al., 2012; Lana-Renault and Regiiés, 2009). Furthermore,
Table 6 shows that Pattern A produced the most SY, whereas Pattern B
produced the least SY, and the SY produced by Pattern A was sig-
nificantly larger than that by Patterns B, C, and D. In general, most
relatively minor flood contributed extremely limited sediment to
overall sediment yield at the basin outlet due to low SY though the
frequency was high. In this study, Pattern B had the extremely frequent
flood events. However, it produced the lowest total sediment load in the
all patterns. Nevertheless, the crucial role that these small flood events
in geomorphological processes of gully and channel could not be ne-
glected (Zheng et al., 2008). Especially for the Loess Plateau, where the
sand content was comparatively high, a mass of coarse sediment
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Fig. 9. Land use changes in the Xichuan River catchment.
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Table 6
Main statistical variables of sediment for different flood patterns.

Flood pattern Main sediment variable

SY (tkm™?) SSC (kgm™%) Smax (kgm™%)
A 10,275.33 545.95 688.50
B 218.84 321.41 503.35
C 1196.39 280.42 485.07
D 693.84 309.32 453.11

derived from splash erosion and scoured erosion might deposit in
channel temporarily on account of low-magnitude flow transport ca-
pacity. The stored sediment would serve as the primary source during
the subsequent large-magnitude events. Therefore, the sediment control
should firstly aimed at large sediment-producing patterns such as Pat-
tern A and Pattern C. However, the contribution of small-sediment-
producing events to sediment delivery should never be ignored.

4.3. Sediment dynamics

The event-based sediment dynamics can be investigated through the
analysis of the SSC-Q hysteretic loops. In this study, the majority of
flood events occurring during the study period presented counter-
clockwise hysteretic loops. However, in contrast to our study, clockwise
loops are more common (usually were observed in small catchments
with humid climate) in most previous literature (Brasington and
Richards, 2000; Heidel, 1956; Jansson, 2002; Lenzi and Marchi, 2000;
Rovira and Batalla, 2006; Williams, 1989). This phenomenon could be
attributed to the condition of non-limited sediment supply environment
of the catchment, the intensive sediment carrying capability of hy-
perconcentrated flow, and the spatial distribution of eroded rainstorm.
Unlike many catchments around the world, which belonged to ‘supply-
limited’ sediment delivery system, sediment supply of the Loess Plateau
is generally abundant without limit and prone to produce the hy-
perconcentrated flow. In general, soil erosion induced by erosive rain-
fall could be considered as a detachment process during the rising limb,
serving as the sediment source, whereas transport process may dom-
inate the receding stage. For the counter-clockwise hysteretic loops, the
large amount of erodible materials were from erosion areas on slope
zones (Fig. 10), located mainly in the upper part of the catchment.
Therefore, sediment was transported to the river from remote areas
after the runoff peak, resulting in the inconsistence between the runoff

Fig. 10. Typical slope-gully system in the hilly region of the Chinese Loess
Plateau.

Catena 173 (2019) 234-245

peak and sediment peak. In addition, flow discharge presented a de-
creasing tendency with rainfall dropping during the recessing stage,
whereas sediment concentration remained high. The inconsistency of Q
and SSC resulted in higher sediment concentrations during the reces-
sing stage than during the rising stage for a given flow discharge.

Counter-clockwise hysteretic loops seems most likely to be ex-
plained by the distance between sediments-producing area and the
outlet (Lenzi and Marchi, 2000). Similarly, the spatial heterogeneity of
rainfall across the catchment also produce various sediment sources,
which might have certain influence on the distance between sediment
sources and gauging stations (Cashman and Potter, 2006; Mano et al.,
2009; Zhao et al., 2017). Similar results have been reported by other
researchers (Fang et al., 2008; Tian et al., 2016), suggesting that the
counter-clockwise hysteretic loop predominated the other catchments
on the Loess Plateau. An investigation by Zhao et al. (2017) implied
that the reason why the complex and anti-clockwise hysteresis domi-
nated the Huangfuchuan and Yanhe catchments was the high varia-
bility of the rainfall for the large-scale basin.

According to Williams (1989), hysteresis loops are influenced by
various factors, including the runoff amount, rainfall intensity, rainfall
duration, rainfall distribution and floodwater travel distances. Lana-
Renault and Regiiés (2009) suggested that the counter-clockwise hys-
teresis events were characterized by limited discharge, reduced sedi-
ment yield and high SSC. In addition, different hysteresis loops will
have distinctive patterns in the hydrological and sedimentary response.
In the present study, flood duration associated with counter-clockwise
loops were the shortest, and the total precipitation were generally low.
By contrast, clockwise loops possessed the characteristic of the longest
duration. The total rainfall amount associated with such events was
moderate. The hydrological response and sediment response of such
type was at the lowest level. There was few previous literature on the
researches of figure-eight loop (Nadal-Romero et al., 2008; Williams,
1989). Buendia et al. (2016) pointed out that the figure-eight patterns
had the characteristics of long duration at the event scale, and can be
induced by various mechanisms. In that study, this type of hysteretic
effect showed medium mean duration though including the longest-
duration event, appearing primarily in Pattern B and Pattern D flood
events for our research.

The SSC-Q hysteresis patterns were applied to deduce the distance
of sediment availability widely in many studies published.
Corresponding to different hysteresis types, the sediment yield in the
watershed did not merely depend on the sediment of channel network
driven by flow but also controlled by sediment production in headwater
areas and the area close to outlet. Counter-clockwise, the peak of Q
reached the outlet much prior to SSC peak or synchronously, whose
sediment source theoretically located in headwater areas. Buendia et al.
(2016) reported in the River Isdbena that the sediment availability of
counter-clockwise loops were widely distributed throughout the
catchment and would not be depleted rapidly. A number of studies
suggested that the clockwise loops were caused by depleting or flushing
out sediment deposited near the catchment outlet (Rovira and Batalla,
2006; Smith and Dragovich, 2009). Additionally, Klein (1984) sug-
gested that the clockwise hysteresis will present in circumstance when
the sediment source was the channel itself or an adjacent area located
close to the basin outlet. The flow velocity of hillslope was far slower
than that of the channel. Therefore, supposing that the sediment came
primarily from bank and channel erosion (the sediment deposited in the
river bed and channel prior to flood event), the SSC and runoff would
peak simultaneously, or the SSC peak preceded runoff peak, and
thereby the clockwise loops occurred. During figure-eight events, the
sediment supply were relatively complicated (Gentile et al., 2010). Part
of the explanation might lie in the situation that the sediment accu-
mulated close to the outlet were washed out at the initial phase, hence
the SSC increased simultaneously with the runoff discharge. As the
further exhaustion of limited sediment and decreasing in sediment
availability, the SSC dropped sharply. Finally, the overland flow
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receded gradually as the rainfall intensity decreased, while the sedi-
ment production decreased more slowly than runoff generation due to
the recharge of sediment from upper area. Above all, based on the types
of hysteresis loops, sediment availability as well as sediment sources
could be generally determined.

5. Conclusion

A total of 112 events occurred during 1974-1989 and 2007-2013
were selected to assess the runoff-sediment relationship and the sus-
pended sediment dynamics in the Xichuan River catchment from the
Loess Plateau. All the flood events were classified into four patterns
with flood duration, runoff depths, peak flow and flow variability.
Patterns A and C were characterized by its low frequency and extremely
high sediment yield amount at a single event scale. Therefore, further
attention must be paid to the two flood patterns to control sediment
yield of the catchment.

Correlation analysis showed that runoff depth was the key variable
influencing event sediment yield. The hydrological variables that af-
fected the sediment yield varied across different flood patterns. Event
sediment yield of Patterns A and C were positively correlated with
runoff depth and flood peak discharge. For Pattern B, SY has strong
positive correlations with flow depth and flood peak discharge, and
negative correlations with flood duration. As for Pattern D, positive and
negative relationships were detected between SY and runoff depth as
well as between SY and flood duration, respectively.

SSC-Q hysteretic loops were applied to reflect the dynamics of
suspended sediment and deduce the sediment source approximately.
The majority of flood events presented counter-clockwise hysteretic
loops across the entire study period, resulting from the non-limited
sediment supply environment and the spatial heterogeneity of rainfall.
The dominant shape of the hysteresis reflected that the sediment source
of the Xichuan River catchment was mainly located in headwater areas.
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