TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY
Vol. 47, No.8, 2016

doi;10.6041/j. issn. 1000-1298. 2016. 08. 015

Effects of Different Flood Regimes on Soil Erosion and Sediment Transport
in Typical Small Watershed of Loess Hilly — Gully Region

Zhang Letao'”  Li Zhanbin'?® Xiao Junbo® Wang Shanshan'~
(1. State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water
Conservation, Chinese Academy of Sciences, Ministry of Water Resources, Yangling, Shaanxi 712100, China
2. University of Chinese Academy of Sciences, Beijing 100049, China
3. Key Laboratory of Northwest Water Resources and Environment Ecology, Minisiry of Education,
Xi” an University of Technology, Xi’ an 710048, China
4. Institute of Soil and Water Conservation, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract: Soil erosion responses under different rainfall and runoff patterns are fundamentals for the studies of soil erosion
mechanisms. To investigate the influence of flood regimes on soil erosion and sediment yield at small watershed scale, a
typical small watershed—Shejiagou catchment was selected to conduct data collection and analysis, and Shejiagou is a first
order tributary of Chabagou drainage basin lying in the hilly and gully region of Chinese Loess Plateau. Based on 45
individual flood events recorded at Shejiagou Hydrological Station during 1961 to 1969, all the flood events were categorized
into three regimes through a combined approach of K-mean clustering and discriminant analysis with three grouping
variables , including flood duration, event flood runoff depth and peak discharge. Regime A was characterized by short
duration, small flood runoff depth, low flood variability and medium peak discharge, which was the most common regime.
Regime B was featured with medium duration, medium flood runoff depth, medium flood variability and small peak
discharge, which was of medium frequency. Regime C mainly included flood events of long duration, large runoff depth,
high variability, as well as large peak discharge, which was of the lowest frequency. The regime of flood events was mainly
controlled by flood duration at studied scale. Area-specific sediment yield, mean suspended sediment concentration and
maximum suspended sediment concentration driven by different flood regimes can be ranked in the order of C > B > A,
C>A>B, C>A > B, respectively. However, no significant difference was found among the three flood regimes for the
variables examined (P > 0.1). The runoff-sediment relationship was relatively constant at Shejiagou watershed, the
variations in suspended sediment concentration can be well described by the logarithmic function of instantaneous discharge.
The sediment output at watershed outlet was mainly controlled by event-based total flood runoff. Given that event flood
runoff depth was kept constant, the ratio of area-specific sediment yield driven by different flood regimes A: B: C was
1:0.93:1.22. If the flood duration was increased by 1. 7 times, the flood regime-based increase for sediment yield reached
the maximum, and the maximum increase rate for area-specific sediment yield was 22% . The results may provide beneficial
evidence for categorization of individual flood events, and overall rational-based evaluation on the soil and water
conservation benefits brought by runoff regulation systems at watershed scale.
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0 Introduction

The spatio-temporal distribution of rainfall and
associated surface runoff determines the allocation
pattern of flow-induced erosivity and underlying erosive
energy at different temporal and spatial scales. As a

result, sediment flow behavior induced by different
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hydrologic regimes varies across scales from sloping
surfaces to drainage basins'' *®'. The theory on
regulation and utilization of rainfall-runoff provides
basic principles for design and implementation of anti-
erosion strategies, which is of vital significance to the
flow-sediment

reestablishment of harmonious

relationship'” *®'.  Thus, rules of soil erosion in
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regional size can be profoundly clarified and rational

design and implementation of sediment control
measures can also be promoted through the accurate
identification of erosion responses and sediment flow
behavior evolvement driven by different hydrologic

1297121 " Over the past few decades, major

regimes
progress has been made on runoff regulation induced
sediment-reducing benefits and its mechanisms on
sloping surfaces, as well as runoff regulation based

. . [13-17]
anti-erosion .

optimization of measures
Undoubtedly, these advances have exerted positive
influences on overall eco-hydrological evaluation on
comprehensive management measures for soil and water
conservation, associated with the improvement of
integrated watershed management levels. Despite the
studies have been conducted

fact that several

concerning sediment control benefits caused by the

81 flood regime based

regulation of flood hydrographs
effects on basin erosion response and sediment delivery
have not yet been thoroughly revealed. Furthermore,
the alteration of hydrologic regime coupled with the
change of sediment flow behavior is in urgent need of
deep clarification under the conditions of human-
dominated eco-environment system.

Rainfall storm induced flood runoff has been
recognized as the major driving force to cause basin
erosion and sediment yield on the Chinese Loess

of a wunique erosion

[19-20]

Plateau, which is typical

environment and high erosion rate Generally ,
soil losses are mainly caused by one or several severe

21-2 .
I However, the intra-

heavy storms on this region'
annual distribution of surface runoff can not be
effectively controlled by integrated measures for soil

. 23
and water conservatlon[ ].

As a result, influences of
intra-event based flood hydrographs on tempo-spatial
behavior of sediment flow should be highlighted to
facilitate an overall perception of the significance of soil
erosion-alleviating systems in basin-specific water and
sediment regulation. Therefore, more intensive and
further studies must be extensively carried on to
systematically elucidate the dynamic responses of soil
erosion and sediment yielding processes under different
intra-event-based flood regimes.

The loess hilly gully region possesses an arid and
semi-arid landscape with dense eroding canyons,

producing abundant pluvial erosion events caused by

rainstorm floods. Moreover, extensively established
hydrological stations with rich statistics on runoff and
sediment allow the Chabagou watershed to be a
desirable experimental site for conducting studies on
variations of runoff-sediment relationship in the loess
hilly gully region'® ', Thus, the Zizhou Runoff
Experimental Station plays an important role in the
studies on the establishment of rainstorm-induced
sediment yield model at watershed scale, tempo-spatial
scale effect on sediment

transport,  hydrologic

modelling, as well as geomorphological process on this

12621 Therefore, Shejiagou branch, a typical

region
cultivated catchment without management in Chabagou
watershed, was selected in this study to investigate the
sediment flow behavior driven by different intra-event-
based flood regimes under a near-natural condition with
little  human  disturbance. Based on recorded
hydrological observations during 1961 to 1969, intra-
event-based flood regimes were divided and sediment
flow behavior was examined through the method of
statistical analysis. This study was aimed at further
enriching the basic concept of runoff regulation,
providing beneficial evidence and theoretical basis for
optimized arrangement and overall evaluation on eco-
hydrological benefits of comprehensive soil and water
conservation measures, as well as enhancing ecological

management at the watershed scale.
1 Description of the study area

The Zizhou Runoff Experimental Station which was
located in Chabagou drainage basin in Zizhou County,
Shannxi Province, was established in 1958 and closed
in 1969. The Chabagou river, (109° 47'E, 37°31'N),
a first branch of Dalihe River, is located in the No. 1
subregion of gullied rolling loess plateau. The river
basin covers a drainage area of 205 km” with channel
length of 26. 5 km, and elevations ranging from 900 m
to 1 100 m. The drainage basin above Caoping Gauging
Station covers an area of 187 km” with channel length
of 24. 1 km and average width of 7. 22 km in symmetry,
and the gully density is 1.05 km/km*. Chabagou
watershed is predominated by a semi-arid landscape
with a sparse vegetation cover. The annual
precipitation in the watershed averaged 480 mm with
significant intra- and inter-annual variability from 1959

to 1969, and about 70% of the precipitation mainly
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fell during the period from June to September. The
rainstorms in this area are generally typical of high
intensity in short duration (up to 3.5 mm/min). The
annual runoff depth from the watershed showed great
intra-annual variability, and more than 62% of the
runoff occurred throughout the months from July to
September. The annual average temperature was 8°C
ranging from —27°C to 38°C. There were about 183
frost days each year.

The area is generally covered by a cultivated loessial
soil with particle size greater than 0. 05 mm accounting
for approximately 25.8% , 0.01 ~0.05 mm particles
accounting for about 57. 7% , and particle size smaller
than 0.01 mm

16.5% 1. The soil is characterized by loosen texture

accounting for  approximately
with large porosity and easy erodibility because of the

predominance of silt-sized particles. The annual

sediment yield varied from 6 267 t/km” to 23 670 t/km”
between 1954 and 1958 with an average yield of
15 780 t/km”’.

farming with low vegetation cover and devoid of soil

The watershed is typical of dryland

and water conservation measures throughout 1959 to
1969. The influence of vegetation cover, crop types,
and planting patterns on variations in runoff generation
capacity and event-based average suspended sediment
concentration was limited and varied little over the

31-32 .
!, Therefore, erosion effects

monitoring period"
caused by vegetation and crop factors were disregarded
in the study. Shejiagou, a first-order tributary of the
Chabagou river basin, covers a drainage area of
4.72 km®> with channel length of 4.5 km, average
width of 1. 05 km, and average elevation of 1 037 m.
The average gully channel gradient is 1.15% , and
average gradient of catchment area is 44.7%. The
gauging station is 0.2 km far away from the estuary.
Appropriate adjustments were made for the gauging
station to facilitate hydrological observations and
sediment measurements. The adjusted controlling area is
as follows: during 1961 to May 1964, it was 4. 72 km;
during July of 1964 to 1969, it was 4.26 km’. The

study site is shown in Fig. 1.
2 Data sources and treatments

The hydro-sediment information was derived from the
observed data of rainfall, runoff and sediment in the

Zizhou Experimental Office over the period of 1959—
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Fig.1 Location of study area

1969. Totally 45 uniformly distributed rain gauges,

and 9 nested hydrometric gauging stations were

established

precipitation

in Chabagou basin to monitor basin
hydrological
Rainfall

events were recorded by pluviographs and detailed flow

process, conduct

observations and sediment measurements.

measurements were conducted using triangular weirs.
The hydrological survey, sampling, and laboratory
analyses in the hydrometric stations followed the
international procedures for collecting all the runoff and
sediment data including water stage, water discharge,
concentration, and sediment

suspended  sediment

discharge' .

According to relevant specifications for hydrometric
station' ' | event-based flow hydrographs with runoff
depth larger than 0. 05 mm, peak discharge larger than
0.1 m’/s, and runoff duration more than 150 min were
defined as flood events. Referring to statistical tables
for hydrologic processes and flood characteristics during
flood seasons, 45 individual flood events were recorded
in observed data of rainfall, runoff and sediment in the
Zizhou Experimental Office over the period of 1961—
1969. Among these events, only one event was
associated with area-specific sediment yield smaller

than 1 t/km?.

used in the analysis procedures.

Therefore, all the recorded events were
Rational variables
indicative of event-based flow hydrographs and
sediment dynamics were selected based on simple
regression analysis on runoff-sediment relationships.
All the recorded events were grouped into different
classifications  through a combined approach of
clustering analysis and discriminant analysis on the
basis of runoff-related indicators, and different flood
therefore erosion

regimes were categorized.  Soil

response and sediment dynamics were then analyzed
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under different flood regimes. In addition, flow-
sediment relationships were established with runoff-
related indicators using regression analysis method to
describe flood regime driven sediment flow behavior.
Those variables that indicate flood-runoff-related
characteristics, including flood duration (T, min),
the time-to-peak ( T,, min ), time duration of
recession (T,, min), peak discharge (gq,, m/s),
event flood runoff depth (H, mm), mean discharge
(g, , m'/s), and flood variability ( the ratio of peak
discharge to mean discharge, FV), were selected to
generalize the individual flood hydrographs, whereas
indicate  sediment-relevant

those variables that

characteristics, including area-specific sediment yield
( MS ’ t/kmz ) ’

sediment concentration (S, , kg/m’ ), event-based

event-based average suspended
maximum suspended sediment concentration (S

kg/m’ ), and
( the ratio of

max

suspended sediment concentration

variability maximum  sediment
concentration to mean sediment concentration, SCV) ,
were used as expressions of event-based sediment
transport. Statistical, cluster, and discriminant analyses
were conducted using the SPSS 18. 0 software, by which
the equations were generated. All of the graphics were

plotted using the SigmaPlot 12. 5 software.

3 Results

3.1 Event-based pluvial erosion and sediment
yielding characteristics

Large variation scopes are generally observed for

almost all the variables presented in Tab. 1 ( 1961—

1969 ).

180 min to 1 680 min with an average of 638 min.

Event-based flood duration ranged from

Totally 6 events with flood duration exceeding 1 000 min
were observed, accounting for about 13.3% of the
total events. However, events with flood duration less
than 600 min occurred 28 times, accounting for about
62.2% of the total events. Flood peak discharge
averaged 16 m’/s with a range of 0.13 ~ 95 m’/s.
Events with flood peak discharge less than 16 m’/s
occurred 33 times with a proportion of 73.3% in all
the statistical events. However, events with flood peak
discharge larger than 30 m’/s were only observed in

The event flood

runoff depth averaged 5.4 mm, with minima being

low frequency (6 times, 13.3% ).

0.2 mm and maxima being 30.7 mm. Events with

runoff depth less than 5 mm occurred 33 times and
occupied about 73.7% in all the statistical events.
However, only 7 events were associated with runoff
depth larger than 10 mm, accounting for about 15. 6%
of the total events. The flood variability varied from

5.09 to 107. 18 with an average of 22. 44, and 80% of

the statistical events were associated with flood

variability less than 30.

Tab.1 Statistic features of flood events from Shejiagou
watershed (1961—1969)

Statistical description

Variables

Min. Max. Mean Std. Dev. CvV
T/min 180 1680 638  370.69  0.58
T,/min 12 481 9.6  128.11  1.37
T./min 165 1500 544 317.07  0.58
q,/ (m*es7") 0.13 9500 1598 23.07 144
H/mm 0.20  30.70  5.40 6.94 1.29
¢,/ (m*+s7") 0.02 4.77 0.74 1.05 1.43
FV 509 10718 2244 1994  0.89
M/ (t-km™2) 0.48  19254.80 3495.65 4952.98 1.42
S,/ (kg-m~>) 2,62 827.94 538.98 203 0.38
Sy (kgem—3) 12260  953.0 680.04 217.47 0.32
scv 1.06 5.9 1.48 0.88 0.59

Event based area-specific sediment yield varied from
0.48 t/km’ to 19 254.8 t/km’ with an average of
3495.65 t/km’. Totally 35 events were associated with
area-specific sediment yield less than 3 500 t/km’,
occupying about 77.8% in all the examined events.
However, only a tiny fraction ( 11.1% ) of these
events produced area-specific sediment yield larger
than 10 000 t/km’.
concentration averaged 538. 98 kg/m’ with a range of

2.62 ~827.94 kg/m’.

of the events produced mean suspended sediment

The mean suspended sediment
A large proportion (73.3% )

concentration exceeding 500 kg/m’. However, only 5

events were associated with suspended sediment
concentration less than 300 kg/m’. Maximum
suspended  sediment  concentration ranged from

12.6 ke/m’ to 953 kg/m’ with an average of
680. 04 kg/m’. A large proportion (77.8% ) of the
events was suspended

exceeding 600 kg/m’.

However, only 4 events produced maximum suspended

associated with maximum
sediment  concentration
sediment concentration less than 300 kg/m’.

In terms of coefficient of variation, the coefficient of
variation of flood peak discharge and runoff depth was

larger than that of mean and maximum suspended



Zhang Letao, et al: Effects of Different Flood Regimes on Soil Erosion and Sediment Transport in

No. 8

Typical Small Watershed of Loess Hilly — Gully Region 5

indicated that

This the
variability of flood flows was relatively high and the

sediment concentration.
variability of sediment delivery was relatively low. The
coefficient of variation of flood variability ( FV) was
larger than that of suspended sediment concentration.
This revealed that the flood hydrographs fluctuated and
sediment exported smoothly.

Correlation coefficients presented in Tab. 2 shows
that My is significantly correlated with H,q,,q,,, FV,
respectively (P <0.01). Individually, M is linearly
dependent on H with the
coefficient of 0. 99. This implies that flood runoff depth

maximum correlation
is indicative of the potential of single sediment-
producing event, in that runoff depth is regarded as a

comprehensive reflection of surface runoff generation

and S

and confluence. S, e are logarithmically
correlated with ¢, with correlation coefficient being
0.85 and 0.78, respectively (P < 0.01). SCV is
negatively correlated to g, with correlation coefficient
being —0.72 for power regression (P <0.01). This
implies that flood peak discharge indicates the capacity
of flood flow to deliver eroded sediments, and is the
major driving force to induce suspended sediment
concentration variability. Tab.2 also indicates that the
flood duration longer, the event-based flood variability
highert (P <0.01). Taken full into consideration, T,
H, and g, are selected as basic grouping indicators to
generalize the event-based characteristics of flood
flows. The flood events are then divided into different

regimes.

Tab.2 Correlation coefficients for simple regression among feature variables related to runoff and

suspended sediment delivery from Shejiagou watershed

T q, H I FV My S,, S scv
T 1
q, 0.1 1
H 0.30" 0.93** 1
I -0.22 0.89*™ 0.90** 1
FV 0.50** 0. 64> 0. 46 -0.03 1
Mg 0.26 0.92 " 0.99 ™ 0.88*" 0.48*™ 1
S, -0.01 0. 85" 0.73>* 0.77"* 0.53"* 0. 894" 1
Sinax 0.03 0.78>* 0. 69>* 0.70>* 0. 49> 0.88*** 0.99** 1
scv 0.08 -0.72*" -0.61** ~0.68** -0.40°* -0.83%* -0.912* -0.83%* 1

Note: * means correlation was significant at 0. 05 level (2-tailed), **means correlation was significant at 0. 01 level (2-tailed). a means power

regression; b means linear logarithm regression; coefficients without identification were derived from linear regression.

3.2 Intra-event-based flood regimes
Based on numerous trials and errors as well as result
examination, a combined method of K-mean clustering
and discriminant analysis was used to classify the flood
events. Fisher’s discriminant function was used in the
discriminant analysis to determine the most suitable
clusters. The equations for Fisher’ s discriminant
functions are listed as follows.
F, =0.008T + 0.004¢, -0.052H -4.917
F, =0.066¢, —0. 101H -0. 697
The classification function equations used for
classifications of different flood regimes are given as
below.
D, = 0.1017 + 0.119¢, -0.761H -380.293
D, =0.056T + 0.074q, -0.441H -25.351
D; =0.025T + 0.066¢, -0.256H -6. 135
The clustering results are shown in Fig. 2. The 45

recorded flood events were classified into three regimes

(Tab. 3) ; the scatters of discrimination functions for

different regimes are relatively gathered, implying that

the classifications of flood regimes are relatively
reasonable.

3 s Regime A

416 o Regime B

3 " o Regime C

* Group centroid
2 .
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Fig.2 Result of discriminant analysis on flood regimes

Specifically, Regime A, which is characterized by
its shortest duration, least runoff depth, lowest flood
variability, and moderate flood crest, is the most
common regime of the highest frequency (62.2% of all
the events ). Regime B comprises flood events with

medium duration, moderate runoff depth, medium
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flood variability, and least flood crest, and is of
medium frequency (31. 1% of all the events). Regime
C is mainly clustered from flood events that are
characterized by their longest duration, largest runoff
depth, highest flow variability, and largest flood crest,
and has the lowest frequency (6.7% of all the
events) .

The contribution of accumulative total runoff depth
induced by different flood regimes to the summed runoff

depth of all of the examined 45 events is 53% , 34%
and 13% for Regimes A, B, and C, respectively.

Flood duration, flood runoff depth, and flood peak
discharge under different flood regimes are ranked in
the following orders; 7, C>B >A; H, C > A > B;
q,, C>A > B, respectively. Variance analysis shows
that flood duration by different regimes are significantly
different (P < 0.001), and regime-based flood peak
discharge and runoff depth are not statistically different
(P >0.3).

Shejiagou catchment are mainly determined by time

This indicates that flood regimes at

durations of individual flood events.

Tab.3 Main statistic features of runoff and suspended sediment delivered by different flood regimes

Statistical features

Flood regime/

. . q,” 90/ Mg/ S,/ Sax”
number of events  7/min T,/min T,./min H/mm FV Scv
(m+s™) (m+s™) (tkm) (kgrm™) (kgem™)
A/28 405 41 364 16.3 4.6 0.9 16.9 3071 571 707 1.3
B/14 894 163 731 14. 1 5.9 0.4 27.9 3676 448 600 2.0
C/3 1617 265 1349 22.1 10.2 0.5 49.2 6618 664 802 1.2

3.3 Flood regime induced sediment delivery

The contribution of accumulative total sediment yield
induced by different flood regimes to the summed
sediment output of all the examined 45 events is 54% ,
32% , and 13% A, B, and C,
respectively.  This major sediment-

producing events are derived from Regime C. Area-

for Regimes s .

indicates that

specific sediment yield, mean suspended sediment

concentration and maximum suspended sediment
concentration driven by different flood regimes are
ranked in the following orders: My, C>B > A; S,
C>A>B; S

of runoff erosivity dynamics in eroding soil and

s C>A>B. Flood regime is indicative
transporting sediments. The flood regime based effect
on soil erosion and sediment yield can be decomposed
into at least two parts, i. e. , regulation of flood runoff
amount ( depth ), and alteration of runoff-sediment
relationship®’.  Variance analysis shows that no
significant difference is found for sediment yield, mean
suspended sediment concentration, and maximum
suspended sediment concentration between different
flood regimes (P >0.1). This indicates that limited
influence caused by flood regime is exerted on the
alteration of runoff-sediment relationship at Shejiagou
watershed scale. The difference in event sediment yield
driven by different flood regimes is mainly derived from
the variations in flood runoff amount ( depth).

To further quantify the influence of different flood

regimes on event-based Mg, 16 events with M larger
than 1 t/km” were selected to conduct comparative
analyses on flood regime-based Mg derived from the
same flood runoff amount (depth). Eight comparable
groups were established in the analyses. Group-specific
average flood runoff depth ranged from 2.4 mm to
23 mm and standard deviation varied from 0. 004 mm to
0. 16 mm with variation coefficient ranging from 0. 1%
to 7% . The number of comparable groups for Regimes
B—A and C — A was 7 and 1, respectively. Relative
M (the ratio of event-based M by Regimes B, C to
that by Regime A) driven by the same flood runoff
amount ( depth) was then calculated under different
flood regimes.

Fig. 3 illustrates relative My induced by the same
flood runoff amount ( depth ) under different flood
regimes. The ratio of area-specific sediment yield by
different flood regimes is A: B: C =1:0.93:1.22.
Given that the flood runoff depth remains invariant,
Regime C produces the most sediment, and Regime B
produces the least sediment. Compared with Regime
A, Regime B is associated with 7% decrease in event-
based M. However, Regime C results 22% increase
in event-based M. This indicates that flow-sediment
relationships tend to be stable at watershed scale. As a
result, limited variations in sediment export are caused

by the alteration of flow-sediment relationships under
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the conditions of event flood runoff amount remaining

the same.

—_
i

—_
<

Relative M
(compared with Regime A)

o
n

<

A B C

Flood regime
Fig.3 Relative area-specific sediment yield driven

by different flood regimes

3.4 Sediment flow behavior driven by flood regimes

To determine the effect of flood regime on sediment
flow behavior, major process-specific variables for flood
flows were selected to discriminate main driving forces
for suspended sediment concentration dynamics under
different flood regimes and different flood phases
(rising limb and recession limb). The selection of
process-specific parameters for flood flows mainly

referred to the results obtained for runoff regime

classification at the entire slope scale’®. Flow-
sediment relationships underlie different flood regimes
were then established through multiple stepwise

regressions with SPSS software.

Results presented in Tab. 4 show that variations in
suspended sediment concentration are mainly driven by
flood hydrographs. The best fitting equations are
generally expressed in the linear-logarithmic forms of
S=alng + b (S is suspended sediment concentration,
kg/m’; ¢ is instantaneous water discharge, m’/s),
studies'™ . The

coefficients of determination of regression equations

which are similar to previous
vary from 0. 69 to 0. 76. The regression parameter a,
and b does not vary vastly ; event-based equation with a
being 94. 1 ~110. 2 and b being 447 ~ 505 ; rising limb
with @ being 84.8 ~ 108.1 and b being 384 ~ 447,
recession limb with a being 101.4 ~118. 6 and b being
486 ~ 559.

indicative of multi-factor functions in eroding and

It is obvious that composite indicators

transporting sediments are not capable of improving the
effectiveness of regression equations. This implies that
instantaneous water discharge determines the runoff
erosivity and is the major driving factor to induce
sediment dynamics in flood flows at the catchment
scale. Apparently, the remaining factors are dependent
flood flow conditions and the function of other driving
factors than instantaneous water discharge is masked in

sediment delivery at the catchment scale.

Tab. 4 Flow-sediment relationships under different flood regimes

Runoff-sediment relationship

Flood regime
Event-based

Rising limb

Recession limb

S =95. 4Inq +496

A (R*=0.69,n=416,P <0.001)
S =94. 1lng +447

B (R*=0.72,n=242 P <0.001)

. $=110. 2Ing +505

(R*=0.71,n=68,P <0.001)

S =86. 3Ing +403
(R*=0.76,n=139,P <0.001)
S =84. 8Ing +384
(R*=0.71,n=86,P <0.001)
$=108. 1lng +447
(R*=0.76,n=30,P <0.001)

$=107. 5Ing +556
(R*=0.72,n=277,P <0.001)
$=101. 4Ing +486
(R*=0.75,n=156,P <0.001)
S =118. 6Ing +559
(R*=0.72,n=38,P <0.001)

4 Discussion

Compared with the results obtained at the entire
slope scale™’ | flood regimes at Shejiagou catchment
are not complicated. No significant differences in
essence are found between different regimes except
magnitudes of flood scale and flood duration. This
result is highly dependent on hydro-geomorphologic
features underlying basin surface. Influences of
different flood regimes on sediment export are also of
varying magnitudes. No significant differences are
found for area-specific sediment yield, mean and

maximum suspended sediment concentration between

different flood regimes. Additionally, unlike unsteady
regime-specific runoff-sediment relationships at the
entire slope scale, response relationships of suspended
sediment concentration to flood flows are in consistency
under different regimes. This indicates that runoff-

sediment relationships tend to be stable at the

catchment scale, which has been extensively
validated™'. As a result, the control of total sediment
output is limited by altering runoff-sediment

relationship through the regulation of flood hydrograph
at the basin outlet. The magnitude of sediment

discharge is mainly determined by the total amount of

flood runoff.
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The decision of management strategies is mainly
based on the characteristics of soil erosion and
sediment production. Consequently, erosion control
should be aimed at establishing steady runoff-sediment
relationship at the entire slope scale. However,
sediment control should be runoff-reduction oriented at
the catchment scale. In consideration of maintaining
basin water resource, desirable approaches should be
capable of breaking up the stability of existing runoff-
sediment relationship with the aim of reserving a
certain amount of water resources. Thus, improved
sediment flow behavior can be achieved through the
regulation of event-based flood runoff and runoff-
sediment relationship. The management of the
Chabagou watershed started in 1970—1980, and
benefits of runoff and sediment reduction initiated in
1970s. Wide implementation of grass and forest as well
as terraced fields, especially the large-scale build-up
of check dams, deeply affects physical properties of
surface.  The

environments have changed the surface hydrological

basin underlying reshaped  erosion
process, which certainly leads to the redistribution of
runoff erosivity and erosive energy, and then governs
sediment flow behavior at the basin outlet. Therefore,
analyzing the effects of anti-erosion measures on flood
regimes associated with their functions in sediment
control will benefit a better clarification of the role of
utilization in  ecological

runoff  regulation and

management at the catchment scale.
5 Conclusions

(1) Event-based flood duration, event flood runoff
amount ( depth), and flood peak discharge can be
used to describe basic characteristics of flood events at
small watershed scale. The 45 flood events occurred
over the period of 1961—1969 were grouped into 3
flood regimes based on the 3 above indicators. Regime
A results flood events of the highest frequency with
moderate flood peak discharge, the shortest duration,
and the least runoff depth. Regime B comprises flood
events of moderate frequency with moderate duration,
moderate runoff depth, moderate flood variability, and
the least flood crest. Regime C is mainly clustered from
flood events of the lowest frequency with the longest
the highest flood
variability, and the largest flood crest. Event-based

duration, largest runoff depth,

flood duration is the major influencing factor that
determines the flood regimes at Shejiagou catchment.
(2) Runoff-sediment relationships by flood flow tend
to be stable at the catchment scale. The response of
suspended sediment concentration to flood flows under
different flood regimes and flood phases ( rising limb
and recession limb) can be described with linear-
logarithmic equations. Area-specific sediment yield,

mean suspended sediment concentration,  and

maximum suspended sediment concentration show no
significant difference between different flood regimes.
The difference in sediment output induced by flood
events of different regimes is mainly derived from the
variation in total flood runoff.

(3) The influence of flood regime on sediment flow
behavior is limited at the catchment scale. The ratio of
area-specific sediment yield by different flood regimes
is A:B: C = 1:0.93:1. 22 under the condition of total
flood runoff being the same. The increment in area-
specific sediment yield reaches the maximum with an
increase rate of 22% , if event-based duration increases

1.7 times.
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Effects of Different Flood Regimes on Soil Erosion and Sediment Transport
in Typical Small Watershed of Loess Hilly — Gully Region

Zhang Letao'®> Li Zhanbin'® Xiao Junbo® Wang Shanshan'~
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4. Institute of Soil and Water Conservation, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract; Soil erosion responses under different rainfall and runoff patterns are fundamentals for the
studies of soil erosion mechanisms. To investigate the influence of flood regimes on soil erosion and
sediment yield at small watershed scale, a typical small watershed—Shejiagou catchment was selected to
conduct data collection and analysis, and Shejiagou is a first order tributary of Chabagou drainage basin
lying in the hilly and gully region of Chinese Loess Plateau. Based on 45 individual flood events recorded
at Shejiagou Hydrological Station during 1961 to 1969, all the flood events were categorized into three
regimes through a combined approach of K-mean clustering and discriminant analysis with three grouping

variables, including flood duration, event flood runoff depth and peak discharge. Regime A was
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characterized by short duration, small flood runoff depth, low flood variability and medium peak
discharge, which was the most common regime. Regime B was featured with medium duration, medium
flood runoff depth, medium flood variability and small peak discharge, which was of medium frequency.
Regime C mainly included flood events of long duration, large runoff depth, high variability, as well as
large peak discharge, which was of the lowest frequency. The regime of flood events was mainly
controlled by flood duration at the studied scale. Area-specific sediment yield, mean suspended sediment
concentration and maximum suspended sediment concentration driven by different flood regimes can be
ranked in the order of C>B >A, C>A >B, C > A > B, respectively. However, no significant difference
was found among the three flood regimes for the variables examined (P >0.1). The runoff-sediment
relationship was relatively constant at Shejiagou watershed, the variations in suspended sediment
concentration can be well described by the logarithmic function of instantaneous discharge. The sediment
output at watershed outlet was mainly controlled by event-based total flood runoff. Given that event flood
runoff depth was kept constant, the ratio of area-specific sediment yield driven by different flood regimes
(A:B:C) was 1:0.93:1.22. If the flood duration was increased by 1.7 times, the flood regime-based
increase for sediment yield reached the maximum, and the maximum increase rate for area-specific
sediment yield was 22% . The results may provide beneficial evidence for categorization of individual

flood events, and overall rational-based evaluation on the soil and water conservation benefits brought by

2016 4

runoff regulation systems at watershed scale.

Key words: flood regime; small watershed; soil erosion and sediment yield; runoff regulation
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Tab.1 Statistic features of flood events from Shejiagou

watershed (1961—1969)
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Tab.2 Correlation coefficients for simple regression among feature variables related to runoff and

suspended sediment delivery from Shejiagou watershed

T q, H I FV Mg S, S s scv
T 1
q, 0.1 1
H 0.30" 0.93** 1
' -0.22 0.89** 0.90°* 1
FV 0.50* 0. 64" 0.46°* -0.03 1
M, 0.26 0.92* 0.99 ** 0.88"* 0.48** 1
S, -0.01 0.85" 0.73"* 0.77"* 0.53"* 0.89*** 1
S s 0.03 0. 78" 0. 69" 0.70"* 0. 49" 0.88** 0.99** 1
scv 0.08 -0.72%" -0.61%" -0.68"" —0.40*™ -0.83*™ -0.91** -0.83* 1

T+ 76 P <0.05 KPS ORI , s 7E P <0. 01 7K AR OO o a T R A0 5T, b X 5 e B ol ), 56 5 BEBRIC A S £ v el 1
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SR 25 Al T K X {H 3R S 0] ) 43 A X ik 7K
FT R

53 BT R F Fisher J1 51 e %5, 151 o653 3R

F, =0.008T + 0.004q, —0.052H —4.917

F, =0.066¢, -0. 101H —0. 697
AN [R)HE K SR (1 532 oR B0 53 0

D, =0.1017 +0. 119g, —0. 761 H - 80. 293
D, =0.056T +0.074q, —0. 441 H - 25. 351
D, =0.025T +0.066g, —0.256H - 6. 135
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Fig.2 Result of discriminant analysis on flood regimes
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Tab.3 Main statistic features of runoff and suspended sediment delivered by different flood regimes

FEG I FIE
e EH TR
q,/ qn/ Mg/ S,/ San”
o T/min T,/min T,/min H/mm FV scv
(m’-s7") (m-s7") (t-km™?) (kg'm ™) (kg-m™?)

A/28 405 41 364 16.3 4.6 0.9 16.9 3071 571 707 1.3
B/14 894 163 731 14.1 5.9 0.4 27.9 3676 448 600 2.0
c/3 1617 265 1349 22.1 10.2 0.5 49.2 6618 664 802 1.2
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Fig.3 Relative area-specific sediment yield driven

by different flood regimes
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Tab. 4 Flow-sediment relationships under different flood regimes

o ] 7J<‘7’/"‘Dﬁﬂﬁj9é}%
Zi K B KB
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