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The objectives of this study are to investigate the changes of runoff and sediment load and their potential influencing factors in the
Huangfuchuan catchment. The Mann-Kendall test and accumulative anomaly methods were, respectively, applied to examine the
changing trends and abrupt changes. Both annual runoff and sediment load demonstrated significant reduction (𝑝 < 0.05) with
decreasing rates of −3.2 × 106m3/a and −1.09Mt/a, respectively. The abrupt changes were detected in 1979 and 1996 for the runoff
and sediment load. All the runoff and sediment indices (runoff, sediment load, runoff coefficient, and sediment concentration)
exhibited remarkable reduction (𝑝 < 0.01). The climate variability contributed 24.4% and 25.1% during 1980–1996 and 1997–2010
to annual runoff decrease, respectively, and human activities accounted for the remaining 75.6% and 74.9%. In contrast, changes
in precipitation accounted for 43.5% and 20.2% of sediment load reduction during 1980–1996 and 1997–2010, whereas the human
activities contributed 56.5% and 79.8%, respectively. The relative contributions from climate variability and human activities to
runoff and sediment load changes at annual scale were different from that at flood season scale. Results suggested the dominant
role of soil and water conservations in the variation of runoff and sediment load in the catchment.

1. Introduction

Climate change and intensive human activities have greatly
altered the regimes of runoff and sediment transportation
in river systems throughout the world [1–4]. Changes in
fluvial hydrological regimes may lead to evident variation in
geological, biological, and chemical processes, which largely
influence the geomorphology of land surface, river channels,
floodplains, and deltas [5–7]. Furthermore, the global human
demand for renewable water resource has increased rapidly
due to the increasing population and economy development,
andmany regions in the world have experienced severe water
stress [8–10]. It is of particular importance to investigate
the historical changes of runoff processes and sediment

transport for river basin management and water resources
management.

It has been reported that apparent decreasing and increas-
ing trends were detected in runoff and sediment load in
many rivers around the world [3, 7, 11–14]. Walling and
Fang [15] assessed the variations of runoff and sediment
load at the furthest downstream gauging stations of 145
world rivers. They found that the rivers with decreasing
runoff and sediment load accounted for 22.5% and 47.9%,
respectively. More than half of the rivers showed stable
runoff and sediment load. InChina,many recent publications
have documented variations of runoff and sediment load
in different rivers over the last half century on the basis of
continuous records at mainstream stations as well as in the
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tributaries [16, 17]. Together, these studies gave a detailed view
of the rapid decline in runoff and sediment flux in the basins
as a result of intensive human activities (e.g., agricultural
irrigation, soil and water conservation measures, and dams
construction) [16, 18–22].

However, most of these studies investigated the spatial-
temporal variation of runoff and sediment load at annual
scale; only a few were undertaken at other temporal scales
for different objectives. The investigations through different
temporal scales may provide useful insights for implementa-
tion of river basin management. For example, Warrick and
Rubin [23] examined the changes in suspended sediment
concentrations in Santa Ana River, California, and found a
decrease of 20-fold with respect to runoff, while the annual
peak and total runoff reveal sixfold increases. A nonlinear
dilution process explained the decreases in sediment con-
centration. Komatsu et al. [24] addressed that no significant
increase in frequencies of high peak flow with decreased
forestry practices was detected in a small watershed in Japan,
and the increase in flood risk might be less than expected.

The Chinese Loess Plateau is located in the upper and
middle reaches of the Yellow River, covering an area of 0.63
million km2. The region has suffered severe soil erosion
over the past thousands of years that led to serious land
degradation of the Loess Plateau. It has been estimated that
the average annual erosion modulus for the region ranges
from 5000 to 10000 t/km2. Severe soil erosion has led to the
impoverishment of arable land and to desertification [25–27].
Currently, more than 70% of the area is dominated by gully-
hill topography due tomassive soil erosion [28]. Precipitation
is characterized by high variability at spatiotemporal scale
and mostly concentrated within the summer season. The
Loess Plateau contributed approximately 90%of the sediment
on average to the Yellow River [29, 30]. In recent decades,
the mean annual runoff and sediment load of the Yellow
River have declined markedly due to reduced precipitation,
increased water withdrawal, and the implementation of soil
and water conservation and dams’ construction [10, 16, 31–
33].

As aforementioned, a number of studies focused on the
changes of runoff and sediment load at annual scale on
the Loess Plateau, but there were few studies on seasonal
or daily scales [4, 29, 34–37]. In fact, most of the runoff
is generated during rainy season with a few intense storm
events in the Loess Plateau. A large proportion of sediment
load was observed during relatively short-duration floods
[38]. Therefore, it is critical to examine the variations of
hydrological time series to reveal the dynamics of runoff
and sediment transport at multitemporal scales, which may
provide better understanding of changes in hydrological
regimes for watershed management. The objectives of this
study are to investigate the changes of runoff and sediment
load in the Huangfuchuan catchment at multitemporal scales
and to quantify the contributions of climate variability and
human activities on runoff and sediment load changes.

2. Study Area and Data

2.1. Study Area. This research is conducted in the Huang-
fuchuan River catchment (Figure 1), located in the middle
reaches of the Yellow River. The whole catchment covers an
area of 3,246 km2. The river originates in the Southern Inner
Mongolia, flows through the southeasternOrdos Plateau, and
discharges into the Yellow River in Fugu County of Shaanxi
Province. The river system within the catchment comprises
two main tributaries: Nalin and Changchun Rivers. The
Huangfu station is the final hydrological station in the
Huangfuchuan River.

The catchment lies in the semiarid zones with average
annual precipitation and temperature being approximately
380mm and 7.5∘C, respectively [39]. More than 70% of
the annual precipitation falls between June and September,
mainly as intense storms (1965–2010). Consequently, runoff
is concentrated in the rainy season [40, 41].

The catchment belongs to coarse sandy region and is
mainly covered by silty loess, sand, and weathered sandstone
(Pisha stone). It consists of a dense network of gullies,
with very sparse vegetation. Through field survey, the bare
weathered sandstone on the steep gullies was the dominant
sediment source, accounting for approximately 70% of total
sediment yield. Average annual sediment yields were higher
than 110 t/ha/a according to check dam sedimentation, sug-
gesting extremely high soil erosion rates in the study area
[42]. Since the 1950s, a series of soil and water conservation
measures have been implemented in the catchment, such as
terraces, check dams, and reservoirs. In 1999, the Chinese
government launched a great ecological restoration project
“Grain to Green,” leading to evident changes in vegetation
cover in gentle slopes of the study area [10]. Based on the
interpreted land use map from Landsat images in 2006 [43],
the dominant land use/cover were grassland (2528.6 km2,
77.9%), bare/unused land (345.5 km2, 10.6%), and arable land
(223.12 km2, 6.9%). Due to limited area of arable land, agri-
cultural irrigation had negligible effects on runoff changes.
Thus, we did not consider the effects of irrigation on runoff
and sediment load changes in the study area.

2.2. Dataset. The daily runoff, sediment load, and sediment
concentration data (1965–2010) at the Huangfu hydrological
station with controlled area of 3,175 km2 were obtained from
the Hydrology Bureau, Yellow River Conservancy Com-
mission, China. Daily precipitation from 1965 to 2010 at 5
gauge stations inside the catchment was also collected from
Hydrological Yearbook of the YellowRiver. Another 6 rainfall
gauges started observation since 1976. All the precipitation
time series were interpolated by Inverse Distance Weighted
(IDW) method to obtain the basin-average monthly and
annual precipitation. The daily climate data at Hequ station
were obtained from Chinese Climate Centre. Figure 1 shows
the locations of the hydrological, rain gauge, and climate
stations. All the measured data were checked by the corre-
sponding agencies to guarantee the data quality.

We selected several indices at different scales to fully
understand the changes of runoff and sediment load. The
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Figure 1: Location of the study area on the Loess Plateau, China ((a)map of Chinawith study area; (b) location of study area with precipitation
stations, hydrological gauge).

runoff (𝑄, m3), sediment load (Sed, t), runoff coefficient (Cr
%), and sediment concentration (SC, kg/m3) were selected
for investigation at annual, flood season, and monthly scale.
According to climate pattern and runoff data, the flood
season is fromMay to October. Cr denotes runoff availability
per unit area per unit precipitation in the catchment within a
specific period. It can be calculated as

Cr = 𝑄
1000 ⋅ 𝑃 ⋅ 𝐴 , (1)

where 𝑄 is runoff (m3) and 𝑃 and 𝐴 denote annual pre-
cipitation (mm) and catchment area (km2). In addition,
the maximum daily runoff (m3/s), sediment discharge (t/s),
and sediment concentration (kg/m3) were chosen as the
hydrological variables on the daily scale.

3. Methodology

3.1. Mann-Kendall Test. The nonparametric Mann-Kendall
testmethodwas applied to examine hydroclimatic time series
trends [44, 45]. The method has been widely used to detect
trends in hydrometeorological time series in different regions
throughout the world [33, 46, 47]. Given a specific time series

𝑋 (𝑥1, 𝑥2, . . . , 𝑥𝑛)with the length of 𝑛, the statistic 𝑆 is defined
as

𝑆 =
𝑛

∑
𝑖=2

𝑖−1

∑
𝑗=1

sgn (𝑥𝑖 − 𝑥𝑗) ,

sgn (𝑥𝑖 − 𝑥𝑗) =
{{{{
{{{{
{

1 𝑥𝑖 > 𝑥𝑗
0 𝑥𝑖 = 𝑥𝑗
−1 𝑥𝑖 < 𝑥𝑗,

(2)

where 𝑥𝑖 and 𝑥𝑗 are the sequential data values and 𝑖 is
greater than 𝑗. Mann [45] and Kendall [44] addressed that
the statistic 𝑆 is approximately normally distributed, and the
variance is calculated as

var (𝑆) = 𝑛 (𝑛 − 1) (2𝑛 + 5)18 . (3)

The standardized statistic is

𝑍 =
{{{{{{
{{{{{{
{

(𝑆 − 1)
√var (𝑆) 𝑆 > 0
0 𝑆 = 0
(𝑆 + 1)
√var (𝑆) 𝑆 < 0.

(4)
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A positive or negative value of 𝑍 indicates an upward
or downward trend, respectively. The null hypothesis 𝐻0 is
rejected if |𝑍| < 𝑍(1−𝛼/2) indicating a statistically significant
trend in the time series at the significance level of 𝛼.

This method does not assume a specific distribution for
the data, and it is not sensitive to outliers. To eliminate
the effects of the serial correlation on the MK test, the
trend-free prewhitening procedure was used to remove the
effects of serial correlation [47]. Autocorrelation coefficients
analysis suggested that the hydrological time series are time
independent.

The trend magnitude can be estimated by a nonparamet-
ric median based slope method, which was proposed by Sen
[48] and extended by Hirsch et al. [49]:

𝛽 = Median [𝑥𝑗 − 𝑥𝑘𝑗 − 𝑘 ] , (5)

where 1 < 𝑘 < 𝑗 < 𝑛 and 𝛽 is the median of all the possible
combinations of pairs for the entire dataset.

3.2. Accumulative Anomaly Test. The accumulative anomaly
method is a direct nonlinear test approach to examine the
abrupt changes of hydroclimatic time series. For a given
time series of𝑋𝑖 (𝑥1, 𝑥2, . . . , 𝑥𝑛), the accumulative𝑋𝑘 can be
calculated as

𝑋𝑘 =
𝑘

∑
𝑖=1

(𝑥𝑖 − 𝑥) , 𝑘 = 1, 2, . . . , 𝑛, (6)

where 𝑥 is the mean value of time series and can be estimated
as

𝑥 = 1𝑛
𝑛

∑
𝑖=1

𝑥𝑖. (7)

The accumulative anomaly 𝑋𝑘 can be used to assess the
fluctuation magnitude of the time series. The positive or
negative values signify that the corresponding data points are
higher or lower than the average. According to the evident
changes in the slope of the accumulative values, the abrupt
changes can be detected in the related time series [37].

3.3. Impact of Climate Change and Human Activity on Runoff
and Sediment Load. The double mass curve is a plot of
the accumulative values of one variable against the other
for the same period. It is a practical method to identify
the hydrological regime changes caused by anthropogenic
intervention [46]. The double mass curve can be plotted as
a straight line when two variables are proportional, and the
slope of this line represents the constant of proportionality
between the two variables. It can be applied to identify the
consistency and relationships between two hydrological or
climatic variables [32].

In this study, we applied the double mass curve method
of runoff/sediment load versus precipitation to detect the
effects of climate change and human activities on runoff
and sediment load variations.The linear regression equations
between the accumulative runoff/sediment load and precip-
itation before the abrupt changing points were established.

The average runoff and sediment load after the transition year
without effects of human activities can be estimated through
the established regression equations and precipitation. The
differences between the estimated and observed runoff and
sediment load after the change point were considered to be
the effects of human activities and the remaining was related
to the climate change.

4. Results

4.1. Variation of Runoff and Sediment Load at Annual and
Seasonal Scales. As shown in Figure 2, the monthly sediment
load at Huangfu station shows a strong consistency with the
runoff distribution, as characterized by the coincidence of
high sediment load and runoff during the rainy season. The
runoff and sediment load between July and August were 0.08
× 109m3/a and 33.14Mt/a, accounting for 71.4% and 90.0% of
the annual total (1965–2010), respectively.

Figures 3(a) and 3(b) show the temporal changes of
annual runoff and sediment load at Huangfu station between
1965 and 2010. It can be clearly seen that significant decreasing
trends at 95% confidence level were detected in both annual
runoff and sediment load with average reduction rates of−3.2
× 106m3/a and −1.09Mt/a, respectively (Table 1). Average
annual runoff was 0.167 × 109m3/a within 1965–1969, while
it was only 0.033 × 109m3/a from 2000 to 2010, accounting
for approximately 20.0% of that in the previous period. In
contrast, average annual sediment load was 8.83 million t
during 2000–2010, only 15.3% of the annual total between
1965 and 1969.

According to the accumulative anomaly test results, the
annual and flood season hydrological variables showednearly
the same changing points. All of the abrupt change points
were statistically significant (𝑝 < 0.05). Figures 3(c) and
3(d) show the abrupt changes in annual runoff and sediment
load.The fluctuation of the curves presented three individual
phases for annual runoff and sediment load. An increasing
trend can be clearly seen between 1965 and 1979 due to
positive slope of the curve. Within the period of 1997 to 2010,
both of the records illustrated an evident reducing trend.

Table 1 shows statistics of𝑄, Sed, SC, and Cr at the annual
and flood season scales during 1965–2010. The mean runoff
𝑄 in the flood season was 0.10 × 109m3, accounting for
approximately 89.7%of the annual total. Similarly,most of the
sediment load occurred in the flood season, accounting for
99.8% of the annual total. The average suspended sediment
concentration in flood season was 318.7 kg/m3 and was
slightly higher than the average annual SC.

The MK test indicated significant decreasing trends of
𝑄, Sed, SC, and Cr on both annual and flood season scales,
particularly for the runoff coefficient.The flood season runoff
had the decreasing rates of 2.6 × 106m3/a, which was lower
than the annual changing rate. The sediment load showed
nearly the same decreasing rate (1.1 million t/a) at annual
and flood season scales. However, the SC decreased more
rapidly in the flood season than the changes of annual SC.
The changing rate of annual Cr is a little higher than that in
the flood season.
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Figure 2: Monthly mean runoff and sediment load at Huangfu station ((a) monthly precipitation, runoff, and sediment load; (b) monthly
runoff coefficient and sediment concentration).
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Figure 3: Variation in annual runoff and sediment load at Huangfu station ((a), (c) annual runoff changes and cumulative anomaly test; (b),
(d) annual sediment load changes and cumulative anomaly test).
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Table 1: Statistics of streamflow and sediment load at the annual and flood season scales during 1965–2010.

Annual hydrological variables Trend test Change point test
𝑍 Slope Mean Before 1979 1980–1996 After 1997

Annual case

𝑄 (108m3) −4.34 −0.032 1.12 1.73 1.17 0.39
Sed (104 t) −4.28 −109.3 3679.3 6088.7 3762.2 996.9
SC (kg/m3) −2.80 −3.76 279.3 337.5 276.6 220.2
Cr (%) −5.13 −0.3 9.3 13.8 9.9 3.7

Flood season

𝑄 (108m3) −3.69 −0.026 1.0 1.55 1.03 0.38
Sed (104 t) −4.24 −108.8 3670.5 6077.6 3748.9 996.3
SC (kg/m3) −3.64 −5.09 318.7 391.2 328.0 229.6
Cr (%) −4.20 −0.2 9.1 13.2 9.5 4.3

The mean annual 𝑄, Sed, SC, and Cr within different
periods were also presented in Table 1. In general, all values
of the hydrological variables showed a gentle decrease during
1980–1996 when compared to those before 1979. For example,
themean values of annual𝑄 andCr decrease by 32% and 29%,
respectively. However, the decrease was more significant in
the third period (1997–2010). All the hydrological variables
reduced by more than 50% except for the SC in flood season.
Particular high deceasing rates were found in average runoff
and sediment load in both annual and flood season scales,
which had approximately 80% decrease comparing to those
during 1965–1979.

4.2. Changes of Monthly Runoff and Sediment Discharge. As
mentioned above, monthly runoff and sediment load showed
strong seasonal variation with extremely high proportion
in the rainy season (Figure 2(a)). Monthly sediment con-
centration (SC) and runoff coefficient (Cr) were plotted in
Figure 2(b). The average SC during July and August was
440.5 kg/m3, which is approximately three times the mean
annual SC. Compared to monthly runoff, sediment load, and
SC, Cr showed relatively higher values in March, suggesting
effects of snowmelt on monthly runoff.

Figure 4 shows the MK trend test of the monthly 𝑄,
Sed, SC, and Cr within the flood season. All the monthly
values displayed significant decreasing trends (𝑝 < 0.05)
from 1965 to 2010. The MK test results (Figures 4(a) and
4(c)) suggested that the decreasing of runoff and sediment
load at annual and flood season scales was mainly caused by
their decline in July and August. The monthly SC exhibited
obvious decreasing trends from June to September. However,
the runoff coefficient showed inconsistent changing trends to
𝑄, Sed, and SC. Sens’ slope of monthly 𝑄, Sed, and SC all
reduced most rapidly in July and August, while Cr decreased
relatively stably during the flood season. Furthermore, the
MK values of monthly Cr showed more significant decrease
in May and October (Figure 4(d)) and relatively higher MK
in August.

4.3. Variation of Daily Runoff and Sediment. According to the
accumulative anomaly test, the hydrological time series were
divided into three periods: 1965–1979, 1980–1996, and 1997–
2010. We applied the flow duration curve (FDC) analysis to

Table 2: FDC analysis for different periods at Huangfu station.

Period Flow indices (m3/s) Sediment delivery (kg/s)
𝑄10 𝑄25 𝑄75 Sed10 Sed25 Sed75

1965–1979 6.75 2.5 0.01 216 16.4 0
1980–1996 4.46 1.45 0 92.7 10.9 0
1997–2010 0.74 0 0 2.14 0

the daily records within different periods for better under-
standing of the temporal variation of runoff and sediment
discharge on daily scale [50].

We selected six indices (i.e., 𝑄10, 𝑄25, 𝑄75, Sed10, Sed25,
and Sed75) to analyze temporal changes of magnitude and
frequency in daily runoff and sediment delivery during three
different periods. The indices of 𝑄10, 𝑄25, and 𝑄75 were,
respectively, defined as the specific values with frequency of
10%, 25%, and 75% of the daily runoff to fully represent the
range of flow values. Similar indices were also examined for
sediment delivery.

Figure 5 shows the FDCs for both daily runoff and
sediment delivery at Huangfu station within three different
periods described previously.The results suggested that there
was significant decrease for both low-flow and high-flow
values during 1980–2010 compared to those from 1965 to 1979.
Similarly, sediment delivery illustrated evident decline in
the latter two periods (1980–1996 and 1997–2010). Moreover,
extreme low sediment delivery (<0.01 kg/s) accounted for
higher proportion within the period of 1997–2010. The daily
sediment delivery with low values was nearly 44% within
1965–1979 but increased to 86.8% from 1997 to 2010.

Table 2 demonstrated the daily flow and sediment deliv-
ery indices within three periods. Specifically, the low-flow
values (𝑄75) were close to zero within three periods, which
is the same as daily sediment delivery (Sed25). The high-flow
(𝑄10) reduced by nearly 90% within 1997–2010 compared to
that of 1965–1979. Consistently, Sed10 was 216 kg/s during
1965–1979 and decreased to 2.14 kg/s in 1997–2010.

Figure 6 shows the variations of maximum daily runoff
(𝑄md), sediment concentration (SCmd), and sediment deliv-
ery (SDmd) during 1965–2010. 𝑄md ranged from 1510m3/s to
18.8m3/s with an average of 305.8m3/s. In contrast, SDmd
exhibited similar variability with𝑄md, and a good correlation
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Figure 4:MK test of runoff and sediment indices in flood season at Huangfu station (MK test for monthly runoff (a), sediment concentration
(b), sediment load (c), and runoff coefficient (d)).
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Figure 5: Flow duration curves of daily runoff (a) and sediment delivery (b) at Huangfu station.
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Figure 6: Maximum daily runoff (a), sediment delivery (b), and sediment concentration (c) at Huangfu station from 1965 to 2010.

coefficient (𝑅2) was of 0.92 between them. Maximum SDmd
in 1988 was several hundred times the value in 2008. Both
𝑄md and SDmd occurred in 1988 as a result of the intense
rainstorm and flood in August of 1988. The MK test showed
that Sedmd and SCmd had significant decreasing trends (𝑝 <
0.01) from 1965 to 2010, while 𝑄md displayed insignificant
changing trend.

4.4. Impacts of Climate Variability andHumanActivities. Fig-
ure 7 showed the double mass curve of runoff/sediment load
versus precipitation at both annual and flood season scales,
along with the linear regression lines. It can be clearly seen
that the changing points existed among different periods,
which confirmed the results examined by the accumulative
anomaly test.

As shown in Figure 7, the simple linear regression was
established between the accumulative runoff-precipitation
and sediment load-precipitation at both annual and flood
season scales before the changing point (1965–1979), and
then the impacts of climate variability and human activities
were quantified based on the regression model. The relative
contribution of climate change and human activities to the
variations of runoff are exhibited in Table 3, and the results of
sediment load changes are demonstrated in Table 4.

As shown inTable 3, the relative contribution of precipita-
tion to annual runoff reduction was 24.4% and 25.1% during

the periods of 1980–1996 and 1997–2010, respectively, whereas
the human activities accounted for approximately 75.6% and
74.9%. As for the flood season, the contributions of human
activities to runoff reduction were 74.1% and 82.9% during
the two periods, respectively.

As for sediment load (Table 4), the contributions from
human activities were 56.5% during 1980–1996 and 79.8% in
1997–2010. The results suggested that the human activities
play a dominant role for both runoff and sediment load
reduction in the catchment, particularly for the period of
1997–2010. For the flood season, the contribution from
human activities on the reduction in sediment load was
60.6% during 1980–1996 and 71.1% in 1997–2010. The results
suggested that the effects of human activities on annual and
flood scales were not completely equal. Human activities
played a more substantial role in the latter period (1997–
2010) for both runoff and sediment load reductions in
the catchment than that during 1980–1996, which implied
increasing impacts of human activities.

5. Discussion

5.1. Attribution of Climate Changes. Precipitation directly
affects the hydrological cycles in the catchment and is also
considered as driving forces of soil erosion. The changes
in precipitation can alter the runoff regime and sediment
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Figure 7: Double mass curve analysis of runoff-precipitation (a, c) and sediment load-precipitation (b, d) at annual and flood season scale.

transport capacity in the watershed [51]. As Zhao et al. [33]
reported, the Loess Plateau experienced a relative warm and
dry period during the past several decades. The increasing
temperature may cause upward trend of potential evapo-
transpiration, which influences the regional water balance.
As shown in Figure 8, the annual precipitation showed an

insignificant decrease in the catchment from 1965 to 2010, and
annual temperature exhibited an upward trend.

When compared to the changes of precipitation and
temperature, runoff and sediment load illustrated more
remarkable decrease in the study period. Annual runoff
and sediment load declined by approximately 77.2% and
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Table 3: Impacts of precipitation (𝑃) and human activities (HA) on changes of runoff (109m3).

Period Observed runoff Estimated runoff Impact of 𝑃 Impact of HA

Annual scale
1955–1979 0.173
1980–1996 0.117 0.131 0.014 (24.4%) 0.042 (75.6%)
1980–2010 0.039 0.139 0.033 (25.1%) 0.1 (74.9%)

Flood season
1955–1979 0.127
1980–1996 0.103 0.109 0.006 (25.9%) 0.0018 (74.1%)
1980–2010 0.038 0.112 0.015 (17.1%) 0.074 (82.9%)

Table 4: Impacts of precipitation (𝑃) and human activities (HA) on changes of sediment load (106 t).

Period Sediment load Impact of 𝑃 Impact of HA

Annual scale
1955–1979 60.86
1980–1996 37.66 49.30 10.09 (43.5%) 13.11 (56.5%)
1980–2010 10.50 50.67 10.19 (20.2%) 40.17 (79.8%)

Flood season
1955–1979 60.77
1980–1996 37.49 47.70 9.17 (39.4%) 14.10 (60.6%)
1980–2010 9.96 46.10 14.67 (28.8%) 36.14 (71.1%)
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Figure 8: Trends in annual precipitation and temperature in the
Huangfuchuan catchment.

83.4% after 1997 comparing to those between 1965 and 1979,
respectively. However, annual precipitation showed relatively
gentile variation during the past five decades. Furthermore,
neither precipitation nor temperature showed abrupt chang-
ing points that were detected in runoff and sediment load.

Figure 9 shows the relationship of runoff-precipitation
and sediment load-precipitation at both annual and flood
season scales. It can be clearly seen that the correlations
of runoff-precipitation and sediment load-precipitation were
much better before the transition year. Particularly for
the period of 1997–2010, the correlations between the two
variables were much worse, which implied that intense
human activities greatly altered the hydrological processes. In
addition, the linear regression lines after the breakpoints were

situated below the lines of the reference period.This indicated
that the same precipitation yielded less runoff and sediment
load within the changing period than those in the reference
period.

The aforementioned analysis implies that intensive
human activities played the dominant role for runoff and
sediment load reduction. Zhao et al. [33] addressed that
climate variability contributed 16.6% to the reduction of
runoff and the remaining 83.4% was attributed to the
various human activities in the Huangfuchuan catchment.
The differences between the results are mainly due to the
assumptions of different methods and the data periods that
were used for investigation. For example, Zhou addressed
that variability in precipitation contributed 47.2% during
1977–1999 and 11.3% within 2000–2007 to the sediment
reduction in the Tuwei catchment. In addition, distinct
contribution from climate variability and human activities
existed among different catchments on the Loess Plateau
[34]. In a loess catchment, Gao et al. [32] found that human
activities contributed more than climate changes to the
decrease in runoff (67.13% versus 32.87%) and sediment
load (80.10% versus 19.90%). This may infer that lithology,
geomorphology, and climate patterns in the catchment play
important role in soil erosion and sediment yield [52]. The
Huangfuchuan catchment had relative less precipitation than
those in the southern Loess Plateau and was covered by
sparse vegetation with a large area of sandy area and badland
[53].

5.2. Attribution of Human Activities. The above analysis
suggested that intense human activities are the dominant
factors leading to noticeable reduction in both runoff and
sediment at different scales. Since the 1950s, majority of soil
and water conservation measures had been implemented
on the Chinese Loess Plateau. As shown in Figure 10, the
percentage of area covered/controlled by soil and water
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Figure 9: Correlation between annual and flood season runoff, sediment load, and precipitation in the catchment from 1965 to 2010 ((a),
(b) relationship of annual runoff and sediment versus precipitation; (c), (d) relationship of flood season runoff and sediment load versus
precipitation).

conservation measures increased from 42.9 km2 (1.3%) in
1959 to 1765 km2 (54.4%) in 2006. In detail, the soil and
water conservation measures did not show obvious increase
until the late of 1970s, suggesting limited effects on changes
in runoff and sediment load. This can explain the good
relationship between runoff/sediment and precipitation. The
measures increased very rapidly since a large number of
conservation projects were launched afterwards. The abrupt

changes in both runoff and sediment load were consistent
with the implementation of “Grain for Green” project, which
was the largest ecological restoration project throughout the
world [30]. It promoted the conversion slope arable land to
forest or grassland to control the severe soil erosion on the
Loess Plateau.

As displayed in Figure 10, the soil and water conserva-
tion measures consisted of both biological and engineering
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Figure 10: Statistics of soil and water conservation in the upstream Huangfu station.

measures. The biological measures such as afforestation and
grassing increased from 111.62 km2 at the end of 1960s
and reached 1724.6 km2 in 2006, accounting for more than
50% of the catchment. These measures can increase the
rainfall interception and lead to more water infiltrated into
the soil, thus reducing the surface runoff and sediment
transport capacity. Furthermore, the runoffpeaks are reduced
and delayed due to vegetation restoration. Zhao et al. [33]
addressed that biological measures may have delayed effects
on runoff because the plants take up water and accelerate
its evapotranspiration. McVicar et al. [28] found that the
afforestation would reduce the annual runoff from 10% to
70% in the Loess Plateau regions.

The engineering measures, mainly consisting of terracing
and check dams construction, can trap large amount of water
and sediment upstream. These techniques have immediate
and substantial effects on runoff and sediment transport. Xu
et al. [54] reported that check damhas been themost effective
measure to trap sediment. Ran et al. [55] analyzed sediment
trapping by check dams in the Huangfuchuan catchment
for the period of 1954 to 1996, and a reduction in sediment
load of up to 60% can be attributed to check dams. An
investigation from Boix-Fayos et al. [56] found that the check
dams can reduce the sediment yield up to 77% in the Rogativa
catchment in Spain. According to Tian et al. [39], check dams
have become the main soil and water conservation measures
in the Huangfuchuan catchment, with more than 70% of the
area controlled by check dams by 2010. Shi et al. [57] applied
the Digital Yellow River Integrated Model to simulate the
check dams’ effects on runoff and found approximately 39%
of interception effects of sediment trapping dams on decline
of runoff.

In this study, the double mass cure method was used
to investigate the effects of climate variability and human
activities on runoff and sediment load changes.This method,
although easily applied, was similar to other regression mod-
els utilizing the relationship between runoff/sediment load
and precipitation, while the results may largely be influenced
by the correlations (which determined the model application
in the changing periods) between the variables [19]. Another
kind of method estimated the effects of soil and water
conservation measures according to the trapping efficiencies
of different measures on runoff and sediment transport. For
example, Ran et al. [55] calculated different contributions
to sediment load reduction of each kind of measures based
on their quantities. However, the abovementioned methods
ignored the changes in hydrological processes and sediment
transportation and were mostly empirical-based. Further
studies should be undertaken by using physically based
model, which considers the drivingmechanism of runoff and
sediment yield and transportation.

5.3. Perspective forWatershedManagement. In the study area,
a significant decrease in runoff has been detected. With
rapidly growing economy and increasing water demand, the
policy makers faced the new changes for decreasing water
supplies in this region [58, 59]. A series of engineering and
biological practices have been implemented to control severe
soil erosion and floods, restore the ecosystem, and regulate
the river system for agricultural production. However, due to
the high intensity of storms and soil erodibility, a comprehen-
sive set of reasonable soil and water conservation practices
in the Huangfuchuan catchment are recommended. Due to
limited precipitation and less fertile loess soil, the relative dry
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climate condition is the main limiting factor for tree/grass
growth. Thus, long-term sustainable conservation measures
are possibly made by increasing afforestation survival rates
through protecting the native species, conserving species
richness, and insisting on natural rehabilitation [60, 61].

Check dam has become the dominant soil and water
conservation measure in the study area, which trapped large
amount of sediment [12]. Recent study by Zhao et al. [43]
suggested that check dam can contribute approximatelymore
than 50% of reduction to the total sediment load in the
Huangfuchuan catchment. It has to be noted that the check
dams are short-term measures for retaining the inflow sed-
iment. Frequently occurring floods not only transport large
amount of sediment into the check dams, but can destroy
the dams and released large volumes of runoff and sediment,
which threaten the security of downstream cities and people.
Thus, it is greatly necessary to reduce the sediment transport
capacity from the hillslopes by increasing vegetation cover,
and a combination of vegetation restoration and engineering
measures is strongly encouraged for soil erosion control.

6. Conclusions

This study investigated the variation of runoff and sediment
load at different temporal scales at Huangfuchuan catchment
from 1965 to 2010. Impacts of climate variability and human
activities were quantified using a simple linear regression
method, and potential causes for the variation of runoff and
sediment load were identified. The conclusion of our study
can be summarized as follows.

The annual runoff and sediment load displayed signif-
icant decreasing trend (𝑝 < 0.01) with reduction rates of
−3.2 × 106m3/a and −1.09Mt/a, respectively. The cumulative
anomaly suggested two breakpoints occurring in 1979 and
1996; thereby three phases were divided as 1965–1979, 1980–
1996, and 1997–2010.The FDCs for daily runoff and sediment
delivery implied decreases in both low-flow and flood peaks.
All the monthly and daily flow and sediment load indices
displayed marked decrease in the latter two periods.

The reduced precipitation contributed approximately a
quarter to the annual runoff decrease during the periods of
1980–1996 and 1997–2010. For sediment load, it was 43.5%
within 1980–1996 and 20.2% during 1997–2010, while the
effects of human activities on annual and flood scales were
not completely equal, particularly during the period of 1980–
1996. Furthermore, we found an increased effect of soil and
water conservation measures in recent years on the variation
of runoff and sediment load in theHuangfuchuan catchment.
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