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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鄄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鄄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郾 1). The runoff鄄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鄄based total flood runoff. Given that event flood
runoff depth was kept constant, the ratio of area鄄specific sediment yield driven by different flood regimes A 颐 B 颐 C was
1颐 0郾 93颐 1郾 22. If the flood duration was increased by 1郾 7 times, the flood regime鄄based increase for sediment yield reached
the maximum, and the maximum increase rate for area鄄specific sediment yield was 22% . The results may provide beneficial
evidence for categorization of individual flood events, and overall rational鄄based evaluation on the soil and water
conservation benefits brought by runoff regulation systems at watershed scale.
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0摇 Introduction

摇 The spatio鄄temporal distribution of rainfall and
associated surface runoff determines the allocation
pattern of flow鄄induced erosivity and underlying erosive
energy at different temporal and spatial scales. As a
result, sediment flow behavior induced by different

hydrologic regimes varies across scales from sloping
surfaces to drainage basins[1 - 6] . The theory on
regulation and utilization of rainfall鄄runoff provides
basic principles for design and implementation of anti鄄
erosion strategies, which is of vital significance to the
reestablishment of harmonious flow鄄sediment
relationship[7 - 8] . Thus, rules of soil erosion in



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
regimes[2, 9 - 12] . Over the past few decades, major
progress has been made on runoff regulation induced
sediment鄄reducing benefits and its mechanisms on
sloping surfaces, as well as runoff regulation based
optimization of anti鄄erosion measures[13 - 17] .
Undoubtedly, these advances have exerted positive
influences on overall eco鄄hydrological evaluation on
comprehensive management measures for soil and water
conservation, associated with the improvement of
integrated watershed management levels. Despite the
fact that several studies have been conducted
concerning sediment control benefits caused by the
regulation of flood hydrographs[18], flood regime based
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鄄
dominated eco鄄environment system.
摇 Rainfall storm induced flood runoff has been
recognized as the major driving force to cause basin
erosion and sediment yield on the Chinese Loess
Plateau, which is typical of a unique erosion
environment and high erosion rate[19 - 20] . Generally,
soil losses are mainly caused by one or several severe
heavy storms on this region[21 - 22] . However, the intra鄄
annual distribution of surface runoff can not be
effectively controlled by integrated measures for soil
and water conservation[23] . As a result, influences of
intra鄄event based flood hydrographs on tempo鄄spatial
behavior of sediment flow should be highlighted to
facilitate an overall perception of the significance of soil
erosion鄄alleviating systems in basin鄄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鄄event鄄based flood regimes.
摇 The loess hilly gully region possesses an arid and
semi鄄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鄄sediment relationship in the loess
hilly gully region[24 - 25] . Thus, the Zizhou Runoff
Experimental Station plays an important role in the
studies on the establishment of rainstorm鄄induced
sediment yield model at watershed scale, tempo鄄spatial
scale effect on sediment transport, hydrologic
modelling, as well as geomorphological process on this
region[26 - 29] . Therefore, Shejiagou branch, a typical
cultivated catchment without management in Chabagou
watershed, was selected in this study to investigate the
sediment flow behavior driven by different intra鄄event鄄
based flood regimes under a near鄄natural condition with
little human disturbance. Based on recorded
hydrological observations during 1961 to 1969, intra鄄
event鄄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鄄
hydrological benefits of comprehensive soil and water
conservation measures, as well as enhancing ecological
management at the watershed scale.

1摇 Description of the study area

摇 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毅 47忆E, 37毅 31忆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 km2 with channel
length of 26郾 5 km, and elevations ranging from 900 m
to 1 100 m. The drainage basin above Caoping Gauging
Station covers an area of 187 km2 with channel length
of 24郾 1 km and average width of 7郾 22 km in symmetry,
and the gully density is 1郾 05 km / km2 . Chabagou
watershed is predominated by a semi鄄arid landscape
with a sparse vegetation cover. The annual
precipitation in the watershed averaged 480 mm with
significant intra鄄 and inter鄄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郾 5 mm / min). The
annual runoff depth from the watershed showed great
intra鄄annual variability, and more than 62% of the
runoff occurred throughout the months from July to
September. The annual average temperature was 8益,
ranging from - 27益 to 38益 . There were about 183
frost days each year.
摇 The area is generally covered by a cultivated loessial
soil with particle size greater than 0郾 05 mm accounting
for approximately 25郾 8% , 0郾 01 ~ 0郾 05 mm particles
accounting for about 57郾 7% , and particle size smaller
than 0郾 01 mm accounting for approximately
16郾 5% [30] . The soil is characterized by loosen texture
with large porosity and easy erodibility because of the
predominance of silt鄄sized particles. The annual
sediment yield varied from 6 267 t / km2 to 23 670 t / km2

between 1954 and 1958 with an average yield of
15 780 t / km2 . The watershed is typical of dryland
farming with low vegetation cover and devoid of soil
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鄄based average suspended sediment
concentration was limited and varied little over the
monitoring period[31 - 32] . Therefore, erosion effects
caused by vegetation and crop factors were disregarded
in the study. Shejiagou, a first鄄order tributary of the
Chabagou river basin, covers a drainage area of
4郾 72 km2 with channel length of 4郾 5 km, average
width of 1郾 05 km, and average elevation of 1 037 m.
The average gully channel gradient is 1郾 15% , and
average gradient of catchment area is 44郾 7% . The
gauging station is 0郾 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郾 72 km2;
during July of 1964 to 1969, it was 4郾 26 km2 . The
study site is shown in Fig. 1.

2摇 Data sources and treatments

摇 The hydro鄄sediment information was derived from the
observed data of rainfall, runoff and sediment in the
Zizhou Experimental Office over the period of 1959—

Fig. 1摇 Location of study area
摇

1969. Totally 45 uniformly distributed rain gauges,
and 9 nested hydrometric gauging stations were
established in Chabagou basin to monitor basin
precipitation process, conduct hydrological
observations and sediment measurements. Rainfall
events were recorded by pluviographs and detailed flow
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,
suspended sediment concentration, and sediment
discharge[33] .
摇 According to relevant specifications for hydrometric
station[32], event鄄based flow hydrographs with runoff
depth larger than 0郾 05 mm, peak discharge larger than
0郾 1 m3 / 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鄄specific sediment yield smaller
than 1 t / km2 . Therefore, all the recorded events were
used in the analysis procedures. Rational variables
indicative of event鄄based flow hydrographs and
sediment dynamics were selected based on simple
regression analysis on runoff鄄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鄄related indicators, and different flood
regimes were therefore categorized. Soil erosion
response and sediment dynamics were then analyzed
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under different flood regimes. In addition, flow鄄
sediment relationships were established with runoff鄄
related indicators using regression analysis method to
describe flood regime driven sediment flow behavior.
摇 Those variables that indicate flood鄄runoff鄄related
characteristics, including flood duration ( T, min),
the time鄄to鄄peak ( Tp, min ), time duration of
recession ( Tr, min), peak discharge ( qp, m3 / s),
event flood runoff depth (H, mm), mean discharge
(qm, m3 / s), and flood variability ( the ratio of peak
discharge to mean discharge, FV), were selected to
generalize the individual flood hydrographs, whereas
those variables that indicate sediment鄄relevant
characteristics, including area鄄specific sediment yield
( MS, t / km2 ), event鄄based average suspended
sediment concentration ( Sm, kg / m3 ), event鄄based
maximum suspended sediment concentration ( Smax,
kg / m3 ), and suspended sediment concentration
variability ( the ratio of maximum sediment
concentration to mean sediment concentration, SCV),
were used as expressions of event鄄based sediment
transport. Statistical, cluster, and discriminant analyses
were conducted using the SPSS 18郾 0 software, by which
the equations were generated. All of the graphics were
plotted using the SigmaPlot 12郾 5 software.

3摇 Results

3郾 1 摇 Event鄄based pluvial erosion and sediment
yielding characteristics

摇 Large variation scopes are generally observed for
almost all the variables presented in Tab. 1 (1961—
1969 ). Event鄄based flood duration ranged from
180 min to 1 680 min with an average of 638 min.
Totally 6 events with flood duration exceeding 1 000 min
were observed, accounting for about 13郾 3% of the
total events. However, events with flood duration less
than 600 min occurred 28 times, accounting for about
62郾 2% of the total events. Flood peak discharge
averaged 16 m3 / s with a range of 0郾 13 ~ 95 m3 / s.
Events with flood peak discharge less than 16 m3 / s
occurred 33 times with a proportion of 73郾 3% in all
the statistical events. However, events with flood peak
discharge larger than 30 m3 / s were only observed in
low frequency (6 times, 13郾 3% ). The event flood
runoff depth averaged 5郾 4 mm, with minima being
0郾 2 mm and maxima being 30郾 7 mm. Events with

runoff depth less than 5 mm occurred 33 times and
occupied about 73郾 7% in all the statistical events.
However, only 7 events were associated with runoff
depth larger than 10 mm, accounting for about 15郾 6%
of the total events. The flood variability varied from
5郾 09 to 107郾 18 with an average of 22郾 44, and 80% of
the statistical events were associated with flood
variability less than 30.

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

Variables
Statistical description

Min. Max. Mean Std. Dev. CV
T / min 180 1 680 638 370郾 69 0郾 58
Tp / min 12 481 93郾 6 128郾 11 1郾 37
Tr / min 165 1 500 544 317郾 07 0郾 58
qp / (m3·s -1) 0郾 13 95郾 00 15郾 98 23郾 07 1郾 44
H / mm 0郾 20 30郾 70 5郾 40 6郾 94 1郾 29
qm / (m3·s -1) 0郾 02 4郾 77 0郾 74 1郾 05 1郾 43
FV 5郾 09 107郾 18 22郾 44 19郾 94 0郾 89
MS / (t·km -2) 0郾 48 19 254郾 80 3 495郾 65 4 952郾 98 1郾 42
Sm / (kg·m -3) 2郾 62 827郾 94 538郾 98 203 0郾 38
Smax / (kg·m -3) 12郾 60 953郾 0 680郾 04 217郾 47 0郾 32
SCV 1郾 06 5郾 92 1郾 48 0郾 88 0郾 59

摇 Event based area鄄specific sediment yield varied from
0郾 48 t / km2 to 19 254郾 8 t / km2 with an average of
3 495郾 65 t / km2 . Totally 35 events were associated with
area鄄specific sediment yield less than 3 500 t / km2,
occupying about 77郾 8% in all the examined events.
However, only a tiny fraction ( 11郾 1% ) of these
events produced area鄄specific sediment yield larger
than 10 000 t / km2 . The mean suspended sediment
concentration averaged 538郾 98 kg / m3 with a range of
2郾 62 ~ 827郾 94 kg / m3 . A large proportion (73郾 3% )
of the events produced mean suspended sediment
concentration exceeding 500 kg / m3 . However, only 5
events were associated with suspended sediment
concentration less than 300 kg / m3 . Maximum
suspended sediment concentration ranged from
12郾 6 kg / m3 to 953 kg / m3 with an average of
680郾 04 kg / m3 . A large proportion (77郾 8% ) of the
events was associated with maximum suspended
sediment concentration exceeding 600 kg / m3 .
However, only 4 events produced maximum suspended
sediment concentration less than 300 kg / m3 .
摇 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
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sediment concentration. This indicated that the
variability of flood flows was relatively high and the
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.
摇 Correlation coefficients presented in Tab. 2 shows
that MS is significantly correlated with H,qp,qm,FV,
respectively (P < 0郾 01). Individually, MS is linearly
dependent on H with the maximum correlation
coefficient of 0郾 99. This implies that flood runoff depth
is indicative of the potential of single sediment鄄
producing event, in that runoff depth is regarded as a
comprehensive reflection of surface runoff generation

and confluence. Sm and Smax are logarithmically
correlated with qp with correlation coefficient being
0郾 85 and 0郾 78, respectively ( P < 0郾 01 ). SCV is
negatively correlated to qp with correlation coefficient
being - 0郾 72 for power regression (P < 0郾 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鄄based flood variability
highert (P < 0郾 01). Taken full into consideration, T,
H, and qp are selected as basic grouping indicators to
generalize the event鄄based characteristics of flood
flows. The flood events are then divided into different
regimes.

Tab. 2摇 Correlation coefficients for simple regression among feature variables related to runoff and
suspended sediment delivery from Shejiagou watershed

T qp H qm FV MS Sm Smax SCV
T 1
qp 0郾 1 1
H 0郾 30* 0郾 93a** 1
qm - 0郾 22 0郾 89a** 0郾 90a** 1
FV 0郾 50** 0郾 64a** 0郾 46a** - 0郾 03 1
MS 0郾 26 0郾 92** 0郾 99** 0郾 88a** 0郾 48a** 1
Sm - 0郾 01 0郾 85b** 0郾 73b** 0郾 77b** 0郾 53b** 0郾 89a** 1
Smax 0郾 03 0郾 78b** 0郾 69b** 0郾 70b** 0郾 49b** 0郾 88a** 0郾 99a** 1
SCV 0郾 08 - 0郾 72a** - 0郾 61a** - 0郾 68a** - 0郾 40a** - 0郾 83a** - 0郾 91a** - 0郾 83a** 1

摇 Note:* means correlation was significant at 0郾 05 level (2鄄tailed), **means correlation was significant at 0郾 01 level (2鄄tailed) . a means power
regression; b means linear logarithm regression; coefficients without identification were derived from linear regression.

3郾 2摇 Intra鄄event鄄based flood regimes
摇 Based on numerous trials and errors as well as result
examination, a combined method of K鄄mean clustering
and discriminant analysis was used to classify the flood
events. Fisher爷s discriminant function was used in the
discriminant analysis to determine the most suitable
clusters. The equations for Fisher 爷 s discriminant
functions are listed as follows.

F1 = 0郾 008T + 0郾 004qp - 0郾 052H - 4郾 917
F2 = 0郾 066qp - 0郾 101H - 0郾 697

摇 The classification function equations used for
classifications of different flood regimes are given as
below.

D1 = 0郾 101T + 0郾 119qp - 0郾 761H - 80郾 293
D2 = 0郾 056T + 0郾 074qp - 0郾 441H - 25郾 351
D3 = 0郾 025T + 0郾 066qp - 0郾 256H - 6郾 135

摇 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.

Fig. 2摇 Result of discriminant analysis on flood regimes
摇摇 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郾 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郾 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郾 7% of all the
events) .
摇 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: T, C > B > A; H, C > A > B;
qp, C > A > B, respectively. Variance analysis shows
that flood duration by different regimes are significantly
different (P < 0郾 001), and regime鄄based flood peak
discharge and runoff depth are not statistically different
( P > 0郾 3 ). This indicates that flood regimes at
Shejiagou catchment are mainly determined by time
durations of individual flood events.

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

Flood regime /
number of events

Statistical features

T / min Tp / min Tr / min
qp /

(m3·s - 1)
H / mm

qm /

(m3·s - 1)
FV

MS /

( t·km - 2)

Sm /

(kg·m - 3)

Smax /

(kg·m - 3)
SCV

A / 28 405 41 364 16郾 3 4郾 6 0郾 9 16郾 9 3 071 571 707 1郾 3
B / 14 894 163 731 14郾 1 5郾 9 0郾 4 27郾 9 3 676 448 600 2郾 0
C / 3 1 617 265 1 349 22郾 1 10郾 2 0郾 5 49郾 2 6 618 664 802 1郾 2

3郾 3摇 Flood regime induced sediment delivery
摇 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% for Regimes A, B, and C,
respectively. This indicates that major sediment鄄
producing events are derived from Regime C. Area鄄
specific sediment yield, mean suspended sediment
concentration and maximum suspended sediment
concentration driven by different flood regimes are
ranked in the following orders: MS, C > B > A; Sm,
C > A > B; Smax, C > A > B. Flood regime is indicative
of runoff erosivity dynamics in eroding soil and
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鄄sediment
relationship[3] . 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郾 1). This indicates that limited
influence caused by flood regime is exerted on the
alteration of runoff鄄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).
摇 To further quantify the influence of different flood

regimes on event鄄based MS, 16 events with MS larger
than 1 t / km2 were selected to conduct comparative
analyses on flood regime鄄based MS derived from the
same flood runoff amount ( depth). Eight comparable
groups were established in the analyses. Group鄄specific
average flood runoff depth ranged from 2郾 4 mm to
23 mm and standard deviation varied from 0郾 004 mm to
0郾 16 mm with variation coefficient ranging from 0郾 1%
to 7% . The number of comparable groups for Regimes
B A and C A was 7 and 1, respectively. Relative
MS(the ratio of event鄄based MS by Regimes B, C to
that by Regime A) driven by the same flood runoff
amount ( depth) was then calculated under different
flood regimes.
摇 Fig. 3 illustrates relative MS induced by the same
flood runoff amount ( depth ) under different flood
regimes. The ratio of area鄄specific sediment yield by
different flood regimes is A 颐 B 颐 C = 1 颐 0郾 93 颐 1郾 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鄄
based MS . However, Regime C results 22% increase
in event鄄based MS . This indicates that flow鄄sediment
relationships tend to be stable at watershed scale. As a
result, limited variations in sediment export are caused
by the alteration of flow鄄sediment relationships under
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the conditions of event flood runoff amount remaining
the same.

Fig. 3摇 Relative area鄄specific sediment yield driven
by different flood regimes

摇
3郾 4摇 Sediment flow behavior driven by flood regimes
摇 To determine the effect of flood regime on sediment
flow behavior, major process鄄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鄄specific parameters for flood flows mainly
referred to the results obtained for runoff regime
classification at the entire slope scale[3] . Flow鄄
sediment relationships underlie different flood regimes
were then established through multiple stepwise
regressions with SPSS software.
摇

摇 摇 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鄄logarithmic forms of
S = alnq + b (S is suspended sediment concentration,
kg / m3; q is instantaneous water discharge, m3 / s),
which are similar to previous studies[12] . The
coefficients of determination of regression equations
vary from 0郾 69 to 0郾 76. The regression parameter a,
and b does not vary vastly: event鄄based equation with a
being 94郾 1 ~ 110郾 2 and b being 447 ~ 505; rising limb
with a being 84郾 8 ~ 108郾 1 and b being 384 ~ 447;
recession limb with a being 101郾 4 ~ 118郾 6 and b being
486 ~ 559. It is obvious that composite indicators
indicative of multi鄄factor functions in eroding and
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摇 Flow鄄sediment relationships under different flood regimes

Flood regime
Runoff鄄sediment relationship

Event鄄based Rising limb Recession limb

A
S = 95郾 4lnq + 496

(R2 = 0郾 69,n = 416,P < 0郾 001)

S = 86郾 3lnq + 403

(R2 = 0郾 76,n = 139,P < 0郾 001)

S = 107郾 5lnq + 556

(R2 = 0郾 72,n = 277,P < 0郾 001)

B
S = 94郾 1lnq + 447

(R2 = 0郾 72,n = 242,P < 0郾 001)

S = 84郾 8lnq + 384

(R2 = 0郾 71,n = 86,P < 0郾 001)

S = 101郾 4lnq + 486

(R2 = 0郾 75,n = 156,P < 0郾 001)

C
S = 110郾 2lnq + 505

(R2 = 0郾 71,n = 68,P < 0郾 001)

S = 108郾 1lnq + 447

(R2 = 0郾 76,n = 30,P < 0郾 001)

S = 118郾 6lnq + 559

(R2 = 0郾 72,n = 38,P < 0郾 001)

4摇 Discussion

摇 Compared with the results obtained at the entire
slope scale[3], 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鄄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鄄specific sediment yield, mean and
maximum suspended sediment concentration between

different flood regimes. Additionally, unlike unsteady
regime鄄specific runoff鄄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鄄
sediment relationships tend to be stable at the
catchment scale, which has been extensively
validated[32] . As a result, the control of total sediment
output is limited by altering runoff鄄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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摇 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鄄sediment
relationship at the entire slope scale. However,
sediment control should be runoff鄄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鄄
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鄄based flood runoff and runoff鄄
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鄄scale build鄄up
of check dams, deeply affects physical properties of
basin underlying surface. The reshaped erosion
environments have changed the surface hydrological
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鄄erosion measures on flood
regimes associated with their functions in sediment
control will benefit a better clarification of the role of
runoff regulation and utilization in ecological
management at the catchment scale.

5摇 Conclusions

摇 (1) Event鄄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
duration, largest runoff depth, the highest flood
variability, and the largest flood crest. Event鄄based

flood duration is the major influencing factor that
determines the flood regimes at Shejiagou catchment.
摇 (2) Runoff鄄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鄄
logarithmic equations. Area鄄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.
摇 (3) The influence of flood regime on sediment flow
behavior is limited at the catchment scale. The ratio of
area鄄specific sediment yield by different flood regimes
is A颐 B颐 C = 1颐 0郾 93颐 1郾 22 under the condition of total
flood runoff being the same. The increment in area鄄
specific sediment yield reaches the maximum with an
increase rate of 22% , if event鄄based duration increases
1郾 7 times.
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黄土丘陵沟壑区典型小流域不同洪水类型侵蚀输沙效应

张乐涛１，２　李占斌１，３　肖俊波４　王杉杉１，２

（１．中国科学院水利部水土保持研究所黄土高原土壤侵蚀与旱地农业国家重点实验室，陕西杨凌 ７１２１００；
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４．西北农林科技大学水土保持研究所，陕西杨凌 ７１２１００）

摘要：不同降雨 径流格局下的土壤侵蚀响应是土壤侵蚀规律研究中的基本关系之一，以黄土丘陵沟壑区典型小流

域岔巴沟的一级支沟蛇家沟为例，分析了不同洪水类型驱动下的小流域侵蚀输沙过程。以蛇家沟水文站 １９６１—

１９６９年记录的 ４５次洪水事件为数据基础，选取洪水历时、次洪水径流深和洪峰流量作为洪水径流过程的特征指

标，运用 Ｋ均值聚类和判别分析相结合的方法，将全部洪水事件划分为 ３种类型。其中，Ａ型洪水具有短历时、小

径流、低变率和中洪峰的特点，是最为普遍的类型。Ｂ型洪水具有中历时、中径流、中变率和小洪峰的特点，发生频

率居中。Ｃ型洪水具有长历时、大径流、高变率、大洪峰的特点，发生频率最低。洪水历时是决定洪水类型的主要

因素。不同洪水类型下的输沙模数、平均含沙量及最大含沙量由大到小依次分别为：Ｃ、Ｂ、Ａ；Ｃ、Ａ、Ｂ；Ｃ、Ａ、Ｂ；但其

差异并不显著（Ｐ＞０１）。蛇家沟小流域的水沙关系趋于稳定，径流含沙量的变化可用流量的对数函数进行描述。

在径流量保持一致的情况下，不同洪水类型驱动下的输沙模数相对大小（Ａ∶Ｂ∶Ｃ）为 １∶０９３∶１２２。当洪水历时延

长１７倍时，其增沙作用达到极大值，输沙模数最大增幅为 ２２％。研究结果可为流域洪水类型划分、全面科学评估

径流调控及利用的水土保持效益提供有益参考。

关键词：洪水类型；小流域；侵蚀产沙；径流调控
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　　引言

降雨及地表径流的时空分布特征影响了侵蚀动

力及能量的时空分配格局，在坡面及流域不同尺度

的侵蚀输沙过程中发挥着重要作用
［１－６］

。降雨径流

调控及利用是实施坡面及沟道治理措施、重塑协调

水沙关系的基本原则和重要依据
［７－８］

。辨析不同降

雨及径流类型条件下的侵蚀输沙响应及水沙关系演

变特征有利于深刻阐释区域水土流失规律，能够促

进水土保持措施的合理规划及其因时因地制宜的实

施
［２，９－１２］

。近年来，坡面径流调控的水土保持效应

及其作用机制、基于径流调控的水土保持措施优化

配置等方面的研究已取得重要进展
［１３－１７］

，在完善水

土保持综合治理措施的生态水文功能评价、提升流

域的综合治理水平等方面产生了积极的影响。目

前，虽有相关研究涉及洪水过程调控的调沙效应分

析
［１８］
，不同洪水类型对流域侵蚀输沙过程的影响却

尚未得到完全揭示，水土保持措施对径流格局及其

侵蚀产沙响应的调节作用也需进一步澄清。

黄土高原地区，暴雨洪水径流是流域侵蚀输沙

的主要驱动因素之一
［１９－２０］

，土壤侵蚀极其严重。鉴

于该区土壤侵蚀多由少数几场暴雨引起的特殊

性
［２１－２２］

及水土保持措施调控地表径流而不能调节

径流年内分配的局限性
［２３］
，水土保持措施对次洪水

过程时空尺度效应的调节作用成为控制流域泥沙输

出的关键。因此，分析不同洪水类型下的水沙过程、

系统揭示流域侵蚀输沙对不同洪水类型的响应关系

有助于深入阐明径流调控及利用的水土保持意义，

可为明确水土保持措施对流域水文泥沙时空过程的

调控效应奠定基础，并进一步推动基于径流调控的

流域水土保持措施治理效益的精细化评估。

黄土高原丘陵沟壑区沟壑纵横，侵蚀地貌独特，

次暴雨洪水侵蚀事件极具典型性和代表性。该区岔

巴沟流域水文测站齐全，自建站始积累了丰富的实

测水文泥沙资料，是开展水沙关系演变研究的理想

场所
［２４－２５］

；其对于流域暴雨产沙模型构建、泥沙传

输时空尺度效应、水文模拟及地貌过程等方面的研

究具有重要意义
［２６－２９］

。本文以该流域典型支沟蛇

家沟小流域为例，以１９６１—１９６９年的实测水文泥沙
资料为基础，基于数理统计分析划分小流域尺度次

暴雨条件下基于事件的洪水类型并分析其对侵蚀输

沙过程的影响，以期进一步丰富径流调控理论的基

本内涵，并为水土保持综合治理措施的优化配置及

其生态水文效益的全面评估、提升流域生态治理水

平提供理论依据。

１　研究区概况

子洲径流实验站位于陕西省子洲县境内的岔巴

沟流域，建于１９５８年，于１９６９年撤消。岔巴沟位于
北纬３７°３１′、东经 １０９°４７′，流域面积为 ２０５ｋｍ２，海
拔高度为９００～１１００ｍ，沟道长２６５ｋｍ。曹坪站以
上集水面积 １８７ｋｍ２，流域形状基本对称，沟长
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２４１ｋｍ，流 域 平 均 宽 度７２２ｋｍ，沟 道 密 度
１０５ｋｍ／ｋｍ２。该区属于半干旱区，１９５９—１９６９年
多年平均降水量为 ４８０ｍｍ，降水季节分配极不均
匀，７０％集中在６—９月份，且多为短历时、高强度暴
雨，最大降雨强度为３５ｍｍ／ｍｉｎ。径流年内分配极
不均匀，６２％集中于 ７—９月份，年平均温度约 ８℃，
最高气温３８℃，最低气温 －２７℃，霜冻期约半年。

本区土壤以黄土母质发育的黄绵土为主，大于

００５ｍｍ的土壤颗粒约占 ２５８％，００１～００５ｍｍ
之间的土壤颗粒约占５７７％，小于 ００１ｍｍ的土壤
颗粒约占１６５％［３０］

。土壤颗粒中以粉粒为主，土质

疏松，孔隙度大，极易被侵蚀。１９５４—１９５８年的年
侵蚀模数为６２６７～２３６７０ｔ／ｋｍ２，平均为１５７８０ｔ／ｋｍ２。
该流域植被覆盖率低，具有典型旱地农业特征，在

１９５９—１９６９年处于人为干扰较少的近自然状态，植
被覆盖、作物类型及其种植方式对坡面产流能力及

径流含沙量的影响有限且并无较大变化
［３１－３２］

，本文

暂不考虑其侵蚀输沙效应。蛇家沟为岔巴沟流域的

一级支沟，流域面积为 ４７２ｋｍ２，流域长度为
４５ｋｍ，平均宽度为 １０５ｋｍ，沟道平均比降为
１１５％，集水区平均坡度为 ４４７％，平均高程为
１０３７ｍ。水文站与河口距离为０２ｋｍ，施测期间控制
面积略有调整，１９６１—１９６４年 ５月，为 ４７２ｋｍ２；
１９６４年 ７月—１９６９年，为 ４２６ｋｍ２，研究区位置如
图１所示。

图 １　研究区位置

Ｆｉｇ．１　Ｌｏｃａｔｉｏｎｏｆｓｔｕｄｙａｒｅａ
　

２　数据来源与研究方法

本文所采用的水文泥沙数据来源于黄河水利委

员会子洲径流实验站水文实验资料（１９５９—１９６９
年）。岔巴沟流域内共设 ９处水文站，嵌套分布，观
测全流域径流、泥沙过程；布设雨量站４５处，均匀分
布，观测流域降雨过程；由自记雨量计记录降雨过

程，测流建筑物为三角测流槽，详细观测径流过程，

所有水沙数据包括水位、流量、含沙量和输沙量等的

测量及采样和实验分析均严格按照国际标准进

行
［３３］
。

根据水文站相关测验标准
［３２］
，将径流深大于

００５ｍｍ、洪峰流量大于０１ｍ３／ｓ、历时超过１５０ｍｉｎ的
汛期径流事件定义为一次洪水事件。查阅子洲径流

实验站水文实验资料（１９５９—１９６９年）中的汛期水
文要素过程表和洪水特征值统计表可知，蛇家沟水

文站１９６１—１９６９年间共记录洪水、泥沙过程 ４５次。
其中，输沙模数小于 １ｔ／ｋｍ２的事件 １次，分析过程
采用记录的全部事件，而未将其剔除。在简单回归

分析径流与输沙关系的基础上，筛选指示基于事件

的径流及输沙特征的合理指标。基于径流特征指

标，综合采用聚类分析、判别分析的方法对洪水事件

进行归类，划分不同的洪水类型，分析不同洪水类型

驱动下的侵蚀输沙特征。最后，利用径流相关特征

指标通过回归分析构建水沙关系，对不同洪水类型

下的含沙量过程进行描述，解析雨洪侵蚀条件下含

沙量过程的形成原因。

以洪水历时（Ｔ）、涨水历时（Ｔｐ）、落水历时
（Ｔｒ）、洪峰流量（ｑｐ）、径流量（Ｈ）、平均流量（ｑｍ）、
洪水变率（洪峰流量与平均流量的比值，ＦＶ）等指标
反映基于事件的洪水径流特征；以输沙模数（ＭＳ）、
平均含沙量（Ｓｍ）、最大含沙量（Ｓｍａｘ）和含沙量变率
（最大含沙量与平均含沙量之比，ＳＣＶ）等指标反映
基于事件的侵蚀输沙特征。聚类分析、相关分析和

回归分析等数据分析过程使用ＳＰＳＳ１８０，绘图使用
ＳｉｇｍａＰｌｏｔ１２５。

３　结果分析

３１　基于事件的洪水径流侵蚀输沙特征
统计结果（表 １）表明，在 １９６１—１９６９年，蛇家

沟洪水事件的各项指标变化范围均较大。次洪水事

件的洪水历时变化范围为 １８０～１６８０ｍｉｎ，平均为
６３８ｍｉｎ。其中，历时超过 １０００ｍｉｎ的洪水事件共
６次，占全部洪水事件的 １３３％；历时小于 ６００ｍｉｎ
的洪水事件共 ２８次，占全部洪水事件的 ６２２％。
洪峰流量的变化范围为 ０１３～９５ｍ３／ｓ，平均为
１５９８ｍ３／ｓ。其中，洪峰流量小于１６ｍ３／ｓ的洪水事
件共３３次，占全部洪水事件的 ７３３％；洪峰流量大
于３０ｍ３／ｓ的洪水事件共 ６次，占全部洪水事件的
１３３％。径流量最小为０２ｍｍ，最大为３０７ｍｍ，平均
为５４ｍｍ。其中，径流量小于 ５ｍｍ的洪水事件共
３３次，占全部洪水事件的 ７３３％；径流量大于
１０ｍｍ的洪水事件共 ７次，占全部洪水事件的
１５６％。洪水变率的变化范围为 ５０９～１０７１８，平
均为２２４４，洪水变率小于 ３０的洪水事件共 ３６次，
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占全部径流事件的８０％。

表 １　蛇家沟洪水事件统计特征（１９６１—１９６９年）

Ｔａｂ．１　ＳｔａｔｉｓｔｉｃｆｅａｔｕｒｅｓｏｆｆｌｏｏｄｅｖｅｎｔｓｆｒｏｍＳｈｅｊｉａｇｏｕ

ｗａｔｅｒｓｈｅｄ（１９６１—１９６９）

参数 最小值 最大值 平均值 标准差 变异系数

Ｔ／ｍｉｎ １８０ １６８０ ６３８ ３７０６９ ０５８

Ｔｐ／ｍｉｎ １２ ４８１ ９３６ １２８１１ １３７

Ｔｒ／ｍｉｎ １６５ １５００ ５４４ ３１７０７ ０５８

ｑｐ／（ｍ
３·ｓ－１） ０１３ ９５００ １５９８ ２３０７ １４４

Ｈ／ｍｍ ０２０ ３０７０ ５４０ ６９４ １２９

ｑｍ／（ｍ
３·ｓ－１） ００２ ４７７ ０７４ １０５ １４３

ＦＶ ５０９ １０７１８ ２２４４ １９９４ ０８９

ＭＳ／（ｔ·ｋｍ
－２） ０４８ １９２５４８０３４９５６５ ４９５２９８ １４２

Ｓｍ／（ｋｇ·ｍ
－３） ２６２ ８２７９４ ５３８９８ ２０３ ０３８

Ｓｍａｘ／（ｋｇ·ｍ
－３） １２６０ ９５３０ ６８００４ ２１７４７ ０３２

ＳＣＶ １０６ ５９２ １４８ ０８８ ０５９

　　次洪水事件输沙模数的变化范围为 ０４８～
１９２５４８０ｔ／ｋｍ２，平均为３４９５６５ｔ／ｋｍ２。其中，输沙模
数小于３５００ｔ／ｋｍ２的洪水事件共３５次，占全部洪水事
件的７７８％；输沙模数大于１００００ｔ／ｋｍ２的洪水事件共
５次，占全部洪水事件的１１１％。平均含沙量的变化范
围为 ２６２～８２７９４ｋｇ／ｍ３，平均为 ５３８９８ｋｇ／ｍ３。其
中，平均含沙量小于 ３００ｋｇ／ｍ３的洪水事件仅 ５次，
占全部洪水事件的 １１１％；大于 ５００ｋｇ／ｍ３的洪水
事件共 ３３次，占全部洪水事件的 ７３３％。最大含

沙量的变化范围为 １２６～９５３ｋｇ／ｍ３，平均为
６８００４ｋｇ／ｍ３。其中，最大含沙量小于 ３００ｋｇ／ｍ３的
洪水事件仅 ４次，占全部洪水事件的 ８９％；大于
６００ｋｇ／ｍ３的洪水事件共 ３５次，占全部洪水事件的
７７８％。

洪峰流量、径流量的变异系数大于平均含沙量、

最大含沙量的变异系数，表明洪水事件的变异程度

较高，而侵蚀输沙事件的变异程度则相对较低。洪

水变率的变异系数大于含沙量变率的变异系数，表

明洪水径流过程波动性较高，而侵蚀输沙过程则较

为平稳。

表２的结果显示，Ｈ、ｑｐ、ｑｍ、ＦＶ与 ＭＳ均显著相
关（Ｐ＜００１），是影响洪水径流侵蚀输沙的重要因
素。其中，ＭＳ与 Ｈ呈线性征相关，相关系数最大，为
０９９。表明作为流域地表产汇流综合信息的反映，
径流量可以表征地表径流潜在的侵蚀产沙能力。

Ｓｍ、Ｓｍａｘ、ＳＣＶ与 ｑｐ、ｑｍ、Ｈ、ＦＶ均显著相关 （Ｐ＜
００１）。其中，Ｓｍ、Ｓｍａｘ与 ｑｐ关系最为密切，呈对数函
数关系，相关系数分别为 ０８５和 ０７８；ＳＣＶ与 ｑｐ呈
幂函数负相关关系，相关系数为－０７２。表明洪峰流量
可以表征洪水径流挟沙能力的变化，是造成含沙量变

率的主要因素。表２同时表明，洪水历时越长，次洪水
事件变率越大（Ｐ＜００１）。因此，综合选取 Ｔ、Ｈ和 ｑｐ
３个指标综合表征蛇家沟洪水径流基本特征。

表 ２　蛇家沟径流与输沙特征变量的简单回归相关系数

Ｔａｂ．２　Ｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓｆｏｒｓｉｍｐｌｅｒｅｇｒｅｓｓｉｏｎａｍｏｎｇｆｅａｔｕｒｅｖａｒｉａｂｌｅｓｒｅｌａｔｅｄｔｏｒｕｎｏｆｆａｎｄ

ｓｕｓｐｅｎｄｅｄｓｅｄｉｍｅｎｔｄｅｌｉｖｅｒｙｆｒｏｍＳｈｅｊｉａｇｏｕｗａｔｅｒｓｈｅｄ

Ｔ ｑｐ Ｈ ｑｍ ＦＶ ＭＳ Ｓｍ Ｓｍａｘ ＳＣＶ

Ｔ １

ｑｐ ０１ １

Ｈ ０３０ ０９３ａ １

ｑｍ －０２２ ０８９ａ ０９０ａ １

ＦＶ ０５０ ０６４ａ ０４６ａ －００３ １

ＭＳ ０２６ ０９２ ０９９ ０８８ａ ０４８ａ １

Ｓｍ －００１ ０８５ｂ ０７３ｂ ０７７ｂ ０５３ｂ ０８９ａ １

Ｓｍａｘ ００３ ０７８ｂ ０６９ｂ ０７０ｂ ０４９ｂ ０８８ａ ０９９ａ １

ＳＣＶ ００８ －０７２ａ －０６１ａ －０６８ａ －０４０ａ －０８３ａ －０９１ａ －０８３ａ １

　　注： 在 Ｐ＜００５水平显著相关（双侧），在 Ｐ＜００１水平显著相关（双侧）。ａ幂函数回归，ｂ对数函数回归，无字母标记的为线性回归。

３２　洪水类型
以４５场次洪水径流事件为统计样本，Ｔ、Ｈ和 ｑｐ

作为分类变量对洪水事件进行分组。经反复试错和

结果检验，综合使用 Ｋ均值聚类和判别分析对洪水
事件进行分类。

判别分析采用Ｆｉｓｈｅｒ判别函数，判别函数分别为
Ｆ１＝０００８Ｔ＋０００４ｑｐ－００５２Ｈ －４９１７

Ｆ２＝００６６ｑｐ－０１０１Ｈ －０６９７
不同洪水类型的分类函数分别为

Ｄ１＝０１０１Ｔ＋０１１９ｑｐ－０７６１Ｈ－８０２９３
Ｄ２＝００５６Ｔ＋００７４ｑｐ－０４４１Ｈ－２５３５１
Ｄ３＝００２５Ｔ＋００６６ｑｐ－０２５６Ｈ－６１３５
聚类结果见图２。全部洪水事件被划分为 ３类

（表３），不同洪水类型判别函数的散点图均较为聚
集，表明分类结果较为合理。

在３种洪水类型中，Ａ型洪水历时最短、径流深
最小、洪水变率最低、洪峰流量居中、发生频率最高，

其事件数占全部洪水事件的 ６２２％。Ｂ型洪水具
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图 ２　洪水类型判别分析结果

Ｆｉｇ．２　Ｒｅｓｕｌｔｏｆｄｉｓｃｒｉｍｉｎａｎｔａｎａｌｙｓｉｓｏｎｆｌｏｏｄｒｅｇｉｍｅｓ
　

有中历时、中径流、中变率、洪峰流量最小的特点，发

生频率居中，其事件数占全部洪水事件的 ３１１％。
　　

Ｃ型洪水发生频率最低，其洪水事件的历时最长、径
流深最大、洪水变率最高、洪峰流量最大，事件数仅

占全部洪水事件的６７％。
各类型洪水累积径流量占全部洪水事件总径流

量的比例依次为 Ａ（５３％）、Ｂ（３４％）、Ｃ（１３％）。各
洪水类型主要径流特征值由大到小依次为：Ｔ：Ｃ、Ｂ、
Ａ；Ｈ：Ｃ、Ｂ、Ａ；ｑｐ：Ｃ、Ａ、Ｂ。方差分析结果显示，不同
类型的洪水事件洪水历时具有显著性差异（Ｐ＜
０００１），而洪峰流量和径流深受洪水类型的影响较
小（Ｐ＞０３），表明蛇家沟小流域的洪水类型主要取
决于洪水事件的时间尺度。

表 ３　不同洪水类型的主要径流及侵蚀输沙统计特征

Ｔａｂ．３　Ｍａｉｎｓｔａｔｉｓｔｉｃｆｅａｔｕｒｅｓｏｆｒｕｎｏｆｆａｎｄｓｕｓｐｅｎｄｅｄｓｅｄｉｍｅｎｔｄｅｌｉｖｅｒｅｄｂｙｄｉｆｆｅｒｅｎｔｆｌｏｏｄｒｅｇｉｍｅｓ

洪水类型／

事件数

主要统计特征

Ｔ／ｍｉｎ Ｔｐ／ｍｉｎ Ｔｒ／ｍｉｎ
ｑｐ／

（ｍ３·ｓ－１）
Ｈ／ｍｍ

ｑｍ／

（ｍ３·ｓ－１）
ＦＶ

ＭＳ／

（ｔ·ｋｍ－２）

Ｓｍ／

（ｋｇ·ｍ－３）

Ｓｍａｘ／

（ｋｇ·ｍ－３）
ＳＣＶ

Ａ／２８ ４０５ ４１ ３６４ １６３ ４６ ０９ １６９ ３０７１ ５７１ ７０７ １３

Ｂ／１４ ８９４ １６３ ７３１ １４１ ５９ ０４ ２７９ ３６７６ ４４８ ６００ ２０

Ｃ／３ １６１７ ２６５ １３４９ ２２１ １０２ ０５ ４９２ ６６１８ ６６４ ８０２ １２

３３　不同洪水类型下的输沙特征
不同洪水类型驱动下的累积输沙量占全部洪水

事件总输沙量的比例依次为 Ａ（５４％）、Ｂ（３２％）、Ｃ
（１３％）。各洪水类型主要输沙特征值由大到小依
次为：ＭＳ：Ｃ、Ｂ、Ａ；Ｓｍ：Ｃ、Ａ、Ｂ；Ｓｍａｘ：Ｃ、Ａ、Ｂ。不同的
洪水类型反映了不同的侵蚀动力条件，其对侵蚀输

沙过程的影响至少包含调节洪水径流量和改变水沙

关系两方面
［３］
。方差分析结果显示，不同类型洪水

事件的输沙量、平均含沙量及最大含沙量之间均无

显著性差异（Ｐ＞０１）。该结果表明在蛇家沟小流
域尺度下，洪水类型对水沙关系的影响有限，不同类

型的洪水事件输沙量的差异可能主要来源于洪水径

流量的改变。

为确定相同径流深条件下不同洪水类型的侵蚀

产沙效应，筛选 １６次输沙模数大于 １ｔ／ｋｍ２的洪水
事件，共构建８个对比组，进行不同洪水类型间的对
比分析。其中，Ａ型与 Ｂ型洪水对比组７个，Ａ型与
Ｃ型洪水对比组 １个，参与对比的洪水事件径流深
变化范围为 ２４～２３ｍｍ，标准差控制在 ０００４～
０１６ｍｍ，变异系数控制在 ０１％ ～７％。以 Ａ型洪
水为基准，分别计算不同洪水类型在相同径流量条

件下的相对输沙模数（Ｂ、Ｃ型洪水事件输沙模数与
Ａ型洪水事件输沙模数的比值）。

相同径流深条件下，不同类型洪水事件驱动的

平均输沙模数之比（Ａ∶Ｂ∶Ｃ）为１∶０９３∶１２２（图３）；相
应的平均洪水历时比（Ａ∶Ｂ∶Ｃ）为 １∶２３∶２７。与 Ａ
型洪水相比，Ｂ型洪水输沙模数平均减少 ７％，Ｃ型

洪水输沙模数平均增大 ２２％。表明流域尺度的水
沙关系趋于稳定。在次洪水径流量相同的条件下，

不同洪水类型间由水沙关系改变引起的输沙效应有

限。

图 ３　不同类型洪水事件的相对输沙模数

Ｆｉｇ．３　Ｒｅｌａｔｉｖｅａｒｅａｓｐｅｃｉｆｉｃｓｅｄｉｍｅｎｔｙｉｅｌｄｄｒｉｖｅｎ

ｂｙｄｉｆｆｅｒｅｎｔｆｌｏｏｄｒｅｇｉｍｅｓ
　

３４　不同洪水类型下的水沙传递关系

为明确不同洪水类型对水沙关系的影响，选取

与主要洪水特征相关的过程参数，通过 ＳＰＳＳ进行多
元逐步回归分析，筛选不同洪水类型和洪水阶段

（涨水和落水）控制含沙量变化的主要因素，构建雨

洪侵蚀条件下蛇家沟小流域的水沙间的传递关系，

基于洪水径流过程的参数筛选主要参考全坡面尺度

径流类型划分结果
［３］
。

表４的结果反映蛇家沟小流域不同类型洪水事
件含沙量的变化主要受洪水径流过程的驱动，最优

回归方程均符合 Ｓ＝ａｌｎｑ＋ｂ的形式（Ｓ为含沙量，
ｋｇ／ｍ３；ｑ为流量，ｍ３／ｓ），与部分研究结果类似［１２］

。

其中，决定系数 Ｒ２为０６９～０７６。回归参数 ａ、ｂ的
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　　 表 ４　不同洪水类型下的水沙响应关系

Ｔａｂ．４　Ｆｌｏｗｓｅｄｉｍｅｎｔｒｅｌａｔｉｏｎｓｈｉｐｓｕｎｄｅｒｄｉｆｆｅｒｅｎｔｆｌｏｏｄｒｅｇｉｍｅｓ

洪水类型
水沙响应关系

综合 涨水段 落水段

Ａ
Ｓ＝９５４ｌｎｑ＋４９６

（Ｒ２＝０６９，ｎ＝４１６，Ｐ＜０００１）

Ｓ＝８６３ｌｎｑ＋４０３

（Ｒ２＝０７６，ｎ＝１３９，Ｐ＜０００１）

Ｓ＝１０７５ｌｎｑ＋５５６

（Ｒ２＝０７２，ｎ＝２７７，Ｐ＜０００１）

Ｂ
Ｓ＝９４１ｌｎｑ＋４４７

（Ｒ２＝０７２，ｎ＝２４２，Ｐ＜０００１）

Ｓ＝８４８ｌｎｑ＋３８４

（Ｒ２＝０７１，ｎ＝８６，Ｐ＜０００１）

Ｓ＝１０１４ｌｎｑ＋４８６

（Ｒ２＝０７５，ｎ＝１５６，Ｐ＜０００１）

Ｃ
Ｓ＝１１０２ｌｎｑ＋５０５

（Ｒ２＝０７１，ｎ＝６８，Ｐ＜０００１）

Ｓ＝１０８１ｌｎｑ＋４４７

（Ｒ２＝０７６，ｎ＝３０，Ｐ＜０００１）

Ｓ＝１１８６ｌｎｑ＋５５９

（Ｒ２＝０７２，ｎ＝３８，Ｐ＜０００１）

变化范围均不大：综合过程：ａ为 ９４１～１１０２，ｂ为
４４７～５０５；涨水段：ａ为 ８４８～１０８１，ｂ为 ３８４～
４４７；落水段：ａ为１０１４～１１８６，ｂ为 ４８６～５５９。反
映多因素综合作用的复合指标并不能提高回归方程

的有效性，表明瞬时流量是决定该尺度洪水径流输

沙动力的主导因素，其余因素皆处于从属地位，其在

流域输沙过程中的作用被掩盖。

４　讨论

与该区全坡面尺度相比
［３］
，蛇家沟小流域尺度

的洪水类型并不复杂，不同洪水类型之间除洪水历

时外，只有规模大小，不存在本质区别。这与流域下

垫面水文、地貌条件（产汇流状况）有关。不同洪水

类型的侵蚀输沙效应也只存在量级大小之别，其对

尺度的输沙模数、平均含沙量、最大含沙量均没有显

著影响。此外，与全坡面尺度不稳定的水沙关系不

同，蛇家沟不同洪水类型下含沙量对洪水径流的响

应关系具有一致性，表明该尺度下的水沙关系趋于

稳定，这与已有研究结果相一致
［３２］
。因此，不同洪

水过程通过改变水沙关系改变流域总泥沙输出的作

用有限，输沙量的差异主要取决于洪水总径流量的

变化。

侵蚀产沙特点是制定治理策略的重要依据。据

此，全坡面尺度的侵蚀治理应致力于建立稳定的水

沙关系，而小流域尺度的泥沙调控应以控制流域产

水量为导向。理想的治理途径应当既能够维持一定

规模的水资源总量，又能够打破流域既有水沙关系

的稳定性，通过调节洪水事件的径流量和水沙传递

关系控制流域尺度的泥沙输出。１９７０—１９８０年，岔
巴沟流域处于初步规模治理阶段，水土保持措施发

挥减水减沙效益始于 ２０世纪 ７０年代。林草措施、
梯田措施的广泛实施，尤其是淤地坝的大规模建设，

深刻影响了下垫面的物理特性，重塑了流域侵蚀环

境，改变了流域地表水文过程，势必造成径流侵蚀能

量和动力的重新分配，进而调控流域的泥沙输出过

程。因此，分析 ２０世纪 ７０年代以后治理条件下水
土保持措施对流域洪水类型的影响及其侵蚀输沙效

应，对于进一步阐明径流调控利用的水土保持意义

将具有重要的启示作用。

５　结论

（１）洪水历时、洪水总径流量及洪峰流量可用
以描述小流域尺度洪水事件的基本特征。蛇家沟小

流域１９６１—１９６９年４５次洪水事件按以上 ３个指标
可划分为３种不同洪水类型。其中，Ａ型洪水洪峰
流量居中，历时最短、径流深最小、发生频率最高；Ｂ
型洪水具有中历时、中径流、中变率的特点，洪峰流

量最小，发生频率次之；Ｃ型洪水发生频率最低，其
洪水事件的历时最长、径流深最大、洪水变率最高、

洪峰流量最大。洪水历时是影响蛇家沟小流域洪水

类型的主要因素。

（２）雨洪侵蚀条件下蛇家沟小流域的水沙关系
趋于稳定。不同洪水类型及洪水阶段（涨水段与落

水段）含沙量对洪水径流过程的响应关系均可用对

数函数进行描述，不同洪水类型驱动下的输沙模数、

平均含沙量及最大含沙量并无显著差异，不同类型

洪水事件输出泥沙量的差异主要来源于径流量的变

化。

（３）蛇家沟流域水沙关系趋于稳定，不同洪水
类型对流域侵蚀输沙过程的影响有限。洪水总径流

量一致的情形下，不同洪水类型驱动的输沙模数的

相对大小（Ａ∶Ｂ∶Ｃ）为 １∶０９３∶１２２。当洪水历时延
长１７倍时，其增沙作用达到极大值，输沙模数最大
增幅为２２％。
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