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Modeling streamﬂow and sediment responses to climate
change and human activities in the Yanhe River, China
Jingwen Wu, Chiyuan Miao, Tiantian Yang, Qingyun Duan
and Xiaoming Zhang

ABSTRACT
Quantifying the impact of climate change and human activities on hydrological processes is of great
importance for regional water-resource management. In this study, trend analysis and analysis of the
short-term variations in annual streamﬂow and sediment load in the Yanhe River Basin (YRB) during
the period 1972–2011 were conducted using linear regression and the Pettitt test. The Soil and Water
Assessment Tool (SWAT) was employed to simulate the hydrological processes. The results show
that both annual mean streamﬂow and annual mean sediment load in the YRB signiﬁcantly
decreased (P < 0.05) during the study period. The relative contributions from climate change and
human activities to YRB streamﬂow decline between 1996 and 2011 were estimated to be 55.8 and
44.2%, respectively. In contrast to the results for streamﬂow, the dominant cause of YRB sedimentload decline was human activity (which explained 64% of the decrease), rather than climate change.
The study also demonstrates that topographical characteristics (watershed subdivision threshold
value, digital elevation model spatial resolution) can cause uncertainties in the simulated streamﬂow
and sediment load. The results presented in this paper will increase understanding of the
mechanisms of soil loss and will enable more efﬁcient management of water resources in the YRB.
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INTRODUCTION
Changes in the regional water cycle are closely related to

(Ma et al. ), water abstraction (Weiskel et al. ), and

water scarcity, which is a pressing issue across the world

alteration of land use due to urbanization and economic

(Yan et al. ). Climate change and human activity are

development (Schilling et al. ), cause great changes in

widely acknowledged to be key drivers of change in hydrolo-

natural river systems and hydrological cycles. Hydrological

gical processes (Lin et al. ; Piao et al. ; Miao et al.

changes result directly in variations in streamﬂow and

). Annual global land precipitation increased at a rate of

sediment load, which in turn can increase the frequency of

∼0.2 mm/yr during the 20th century (Piao et al. ) and

ﬂash ﬂooding and the potential risks to the local ecosystem

global surface temperature has increased by ∼0.8 C over

and environment. Quantifying the inﬂuence of climate

the past century (Hansen et al. ). Global warming accel-

change and human activities on hydrological processes is of

erates regional water cycles and transforms the intensity and

value to policymakers and government agencies responsible

frequency of precipitation, further affecting hydrological pro-

for efﬁcient water-resource and ecosystem management.

W

cesses (IPCC ). Human activities, such as reservoir

The Loess Plateau is the largest loess region in the

construction (Kong et al. ), soil and water conservation

world (Vasiljevic et al. ). It forms a substantial part
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of the arid and semi-arid landscape, and the heterogeneity

proliferated in recent years (Miao et al. ; Zhang et al.

of the land surface is remarkable (Huang et al. ).

; Hao et al. ; Singh et al. ; Marhaento et al.

Owing to the particular geographic landscape, centuries

). Zhang et al. () used a modiﬁed double-mass

of excessive cultivation, and rapid population growth, the

curve to show that reforestation and farmland terracing on

Loess Plateau has become one of the most seriously

the Loess Plateau reduced surface runoff by 20–100% and

eroded areas in the world and its ecological environment

sediment yield by 10–100%. Zhu et al. () employed

is consequently fragile (Liu et al. ). The annual mean

two quantitative evaluation methods to separate the

soil loss on the Loess Plateau is about 2,000–2,500 t/km2

impact of climate change and anthropogenic activities on

(Shi & Shao ) and the amount of earth and sand ﬂow-

runoff changes: the result revealed climate change had an

ing out from the Loess Plateau to the Yellow River can

important role in runoff decline, accounting for about 60%

reach 1.6 billion t/yr (Sun et al. ). The Yanhe River

of the change. Miao et al. () utilized simple linear

Basin (YRB) located in the center of the Loess Plateau, is

regression to evaluate the effects of climate change and

a typical loess hilly–gully region, and has an average

human activities on changes in streamﬂow and sediment

2

annual soil loss of 14,460 t/km , causing enormous sedi-

load, and showed that streamﬂow and sediment load in

mentation in the Yellow River system and increased risk

the upper reach of the Yellow River have decreased by 86

of ﬂooding in downstream areas. Thus, since the 1950s, a

and 83%, respectively, over the past ﬁfty years as a result

number of soil and water conservation projects have

of human activities.

been implemented in this region by the Chinese central

There are two main categories of methods for dis-

government. For example, in 1999, the ‘Grain for Green’

tinguishing the effects of climate change and human

program was initiated to control the continually deteriorat-

activities on streamﬂow and sediment load: modeling

ing ecological environment (Su et al. ) and has had a

methods and non-modeling methods. Compared with non-

substantial impact on eco-hydrological conditions in the

modeling methods, which lack representation of the poten-

YRB (Xu ; Huang et al. ; Zhang et al. ).

tial physical mechanisms, modeling methods include

Furthermore, Li et al. () used six general climate

complicated physical mechanisms, and can evaluate the

models to project changes in climate on the Loess Plateau

effects of climate change and human activities on stream-

over the 21st century, and predicted further ampliﬁcation

ﬂow and sediment load over different time scales.

of variations in climate change. Similarly, Li et al. (b)

Therefore, modeling methods have been widely used to

used four climate models and the Water and Erosion Pre-

assess the relative effects of climate change and human

diction Project model to project changes in climate and

activities on hydrology (Li et al. ; Zhan et al. ).

hydrology for the period 2010–2030, and predicted a

Therefore, in this study, we used the Soil and Water Assess-

2.6 to 17.4% change in precipitation, a 0.6–2.6 C rise

ment

W

W

Tool

(SWAT)

to

accurately

distinguish

the

in maximum temperature, a 0.6–1.7 C rise in minimum

contributions of climate change and human activities on

temperature, a 10–130% increase in runoff, and a 5 to

changes in streamﬂow and sediment load. We also discuss

195% increase in soil loss. The YRB is a representative dis-

the effects of the digital-elevation-model (DEM) data resol-

trict within the Loess Plateau region, so future changes in

ution and watershed delineation on the SWAT-model

climate in the YRB are likely to be similar to those

prediction uncertainty.

predicted for the Loess Plateau as a whole. In order to pro-

The goals of this study are: (1) to evaluate the applica-

vide better management of the water resources in the YRB

bility of SWAT in simulating streamﬂow and sediment

under these anticipated changes in climate, it will be useful

load in the YRB; (2) to jointly quantify the impact of climate

to distinguish the relative contributions of human activities

change and human activity on variations in streamﬂow and

and climate change on changes in streamﬂow and sedi-

sediment load in the YRB; (3) to analyze model uncertainty

ment load in this region.

(e.g. watershed subdivision and DEM resolution). Through

Studies evaluating the impact of climate change and

this study, we aim to improve understanding of the relation-

human activities on streamﬂow and sediment load have

ship between natural processes and human activities.
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Furthermore, the simulation results will provide a valuable

Land use in this area includes cultivation, grassland, forest,

reference for government agencies and should enable

water, urban areas, and bare land.

more efﬁcient management of water and soil in the YRB.
Data source

MATERIALS AND METHODS

SWAT requires topographical, land-use, soil, and meteorological information. Topographical data were derived
from a DEM with a resolution of 20 × 20 m, obtained

Study area

from the Resources and Environmental Science Data
The YRB, a tributary to the middle reaches of the Yellow River,

Center, Chinese Academy of Sciences (www.resdc.cn/).

is located in the central hilly region of the Loess Plateau in

Land-use data for the years 1990 and 2010 were also

China, with longitude 36 210 N–37 190 N and latitude

obtained from the Resources and Environmental Science

W

0

W

W

W

0

108 38 E–110 29 E (Figure 1). The basin covers an area of

Data Center, Chinese Academy of Sciences (www.resdc.

7,485 km2 at elevations ranging from 500 to 1,780 m (average

cn/). Land-use data for the year 1980 were obtained from

elevation ¼ 1,218 m) and has a typical warm temperate conti-

the Soil Survey Ofﬁce for Shanxi Province, and was used

nental monsoonal climate. The annual mean temperature is

in the calibration and validation periods. Soil data, includ-

W

9 C and the annual mean precipitation is 495 mm. Over

ing a soil type map (1:1,000,000) and soil properties, were

65% of the annual precipitation falls in the summer monsoon

retrieved from the Cold and Arid Regions Science Data

period between June and September (Wang et al. ). The

Center, Chinese Academy of Sciences (westdc.westgis.ac.

multi-year mean delivery modules for streamﬂow and sedi-

cn/). Daily meteorological data from 11 weather stations

4

3

2

ment load in the YRB are 3.64 × 10 m /km yr and 7.8 ×

were obtained from the China Meteorological Data

104 t/km2 yr, respectively (Su et al. ). Soil erosion induced

Sharing Service System (www.escience.gov.cn/). Ganguyi

by long-term incision has resulted in approximately 90% of the

station is located at the outlet of the YRB watershed. It

YRB being covered with ridges and gullies (Fu et al. ).

controls 77% of the entire drainage basin and was the

Figure 1

|

Location of YRB and its hydrological and weather stations.
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only station in this study. Monthly streamﬂow and sedi-

model, surface runoff is estimated with the Soil Conservation

ment load data from Ganguyi station from 1972 to 2011

Service (SCS) runoff curve number (CN) method (SCS )

were obtained from the Yellow River Commission Commit-

and sediment yield is calculated from the Modiﬁed Universal

tee, and were used for model calibration and validation.

Soil Loss Equation (MUSLE) developed by Williams &
Berndt (). More detailed information about the SWAT

Abrupt change analysis

model can be found in Arnold et al. ().

The Pettitt test (Pettitt ) is widely used in hydro-climatolo-

streamﬂow and sediment load simulations identiﬁed by

gical studies to detect abrupt changes in the mean of variables

SWAT Calibration and Uncertainty Procedures are listed in

In this study, the 10 most sensitive parameters for the

of interest. The change point detected by the Pettitt test reﬂects

Tables S1 and S2 (supplementary material, available with

the most signiﬁcant change in the variable mean between two

the online version of this paper), together with their detailed

periods. The two samples (x1 . . . xz ) and (xzþ1 . . . xzn ) come

deﬁnitions, ranges, optimum values, and sensitivity ranks.

from the same population. The statistical index Uzn is given by:

The SCS runoff curve number II(CN2) was the most sensitive
parameter for both streamﬂow and sediment load simulations.

Uzn ¼

z X
n
X

sgn(xi  xj ) if z ¼ 2, . . . , n

(1)

i¼1 j¼tþ1

8
<1
sgn(x) ¼ 0
:
1

Model set up and calibration
9
x>0=
x¼0
;
x<0

The ArcSWAT 2012 (Rev.627) interface was used to set up
(2)

DEM data and the stream network, a threshold drainage

The abrupt change point is deﬁned as the point where Uzn
reaches its maximum value, and the associated probability (P)
is given as:

6(kn )2
P ¼ exp
(n3 þ n2 )

area of 100 km2 was chosen to delineate the watershed, and
the watershed was divided into 46 sub-basins. We further
sub-divided the sub-basins into 134 different hydrological
response units (HRUs) on the basis of land use, soil, and

kn ¼ maxjUzn j
"

and parameterize the model. From examination of the 20 m

(3)

slope class thresholds of 10, 15, and 10%, respectively. We
then set up the SWAT model using meteorological data
from 1972 to 2011: 1970–1971 was used for the warm-up

#
(4)

period, 1972–1978 was used for the calibration period,
1979–1982 was used for the validation period. Streamﬂow
and sediment load were calibrated and validated separately,

If P is smaller than the speciﬁed signiﬁcance level, which is
0.05 in this study, the null hypothesis is rejected.

and the impact of climate change and human activities on
changes in streamﬂow and sediment load were also assessed
separately. The performance of the simulated results was

SWAT model and sensitivity analysis

evaluated by the Nash–Sutcliffe model efﬁciency (NSE)
(Nash & Sutcliffe ) and by the correlation coefﬁcient

SWAT, developed by the United States Department of Agriculture, is a semi-distributed hydrological model (Arnold et al.
). The SWAT model is able to predict the long-term impacts
of land use and agricultural management on water under vary-

(R). The calculations for these two measures are:
P
(Qo  Qm )2
NSE ¼ 1  P
2
(Qo  Qo )

(5)

P
(Qo  Qo )(Qm  Qm )
R ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
2P
2
(Qm  Qm )
(Qo  Qo )

(6)

ing soil, land-use, and management conditions (Arnold et al.
). The main components of the SWAT model are climate,
hydrology, land cover and plant growth, erosion, nutrients,
pesticides, management, and channel routing. In the SWAT

Downloaded from https://iwaponline.com/hr/article-pdf/49/1/150/196837/nh0490150.pdf
by guest

154

J. Wu et al.

|

Hydrological response to climate change and human activities in the Yanhe River

Hydrology Research

|

49.1

|

2018

where Qo and Qm are the observations and the simulation,

human activity. First, the model is calibrated and validated

respectively, and Qo and Qm are the means of the corre-

for the time period furthest in the past, then the model is

sponding variables. NSE ranges from ∞ to 1, and R ranges

run during the evaluation period without considering any

from 1 to 1. The closer the values of NSE and R are to 1,

human impacts. The difference in modeled streamﬂow

the more similar the simulation is to the observations.

before and after the change point can therefore be attributed
to climate change only, and ‘unexplained’ changes not

Quantiﬁcation of the impacts of climate change and

depicted by the model are then attributed to the effect of

human activity on streamﬂow and sediment load

human inﬂuence. Qvs and Qbs are the simulated results
using climate data in the evaluation and baseline periods,

Streamﬂow and sediment load are simultaneously affected

respectively. Therefore, the percentage contributions from

by climate variability and human interference. On the

climatic change (Pc ) and human activity (Ph ) on the vari-

basis of the results of the abrupt change analysis, the time-

ations in streamﬂow and sediment load can be described as:

series for streamﬂow and sediment load were divided into
two sub-periods, termed the baseline or ‘pre-change’
period and the evaluation or ‘post-change’ period. For a

Pc ¼

ΔQc
× 100%
ΔQt

(10)

Ph ¼

ΔQh
× 100%
ΔQt

(11)

given watershed, we assumed that the total change in
annual mean ﬂow or sediment load can be calculated as:
ΔQt ¼ Qv  Qb

(7)

where ΔQt indicates the total change and Qv and Qb are the

RESULTS

observations during the evaluation period and the baseline
period. Assuming the total change ΔQt comes from the com-

Statistical analysis of streamﬂow and sediment load

bined effects of climate change and human activities, the

data

following decomposition can be carried out:
ΔQt ¼ ΔQc þ ΔQh

Figure 2 shows the variations in observed annual streamﬂow
(8)

and sediment load in the YRB between 1972 and 2011. As

(9)

signiﬁcant downward trends (P < 0.05) over that time

shown in Figure 2, streamﬂow and sediment load both had
ΔQc ¼ Qvs  Qbs

period. The yields decreased at approximately 0.77 m3/s per
where ΔQc indicates the hydrological changes caused by cli-

year (annual streamﬂow) and 0.76 × 106 t per year (annual

mate change and ΔQh indicates the changes caused by

sediment load). The variations in streamﬂow and sediment

Figure 2

|

Variations in annual streamﬂow (a) and sediment load (b) between 1972 and 2011 in the YRB.
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load were similar to each other during the period 1972–2011,

similar to the observations. Both streamﬂow and sediment

with the highest values occurring in 1978 and the lowest

load simulations achieved high R 2 and NSE values in the

values occurring in 2008.

calibration and validation periods (Table S3). However,

Figure 3 shows the changes in the annual streamﬂow and

most of the disagreements between the model and obser-

sediment load time-series, as detected with the Pettitt test. Both

vations occurred at the peak values. For example, during

streamﬂow and sediment load series were subject to an abrupt

the highest peak (around August 1977) the model overesti-

change in 1996. We therefore further divided the series into

mated streamﬂow and underestimated sediment load. The

two sub-periods: the baseline period (before 1996) and the evalu-

nonlinear relationships between meteorological elements

ation period (after 1996). We found that annual mean

and streamﬂow (or sediment load) make the simulation

3

3

streamﬂow was 81.1 m /s before 1996 and 54.8 m /s after

complex, especially for extreme events. In addition, we

1996. Similarly, the annual mean sediment load was 4.2 × 107 t

could not take check dams into consideration owing to

7

before 1996 and 1.5 × 10 t after 1996. Annual mean streamﬂow

the unacceptability of the data; however, surface streamﬂow

and annual mean sediment load dropped by 32.4 and 63.0% in

and sediment yield in the rainy season and annually will be

the evaluation period compared with the baseline period.

reduced because of interception by check dams (Xu et al.
). Furthermore, daily hydrologic data are not available

Evaluation of streamﬂow and sediment load

and the monthly data do not reﬂect individual events well.

simulations
Impacts of climate change and human activities on
Figure 4 shows the simulated YRB streamﬂow and sediment

streamﬂow and sediment load

load during the calibration (1972–1978) and validation
(1979–1982) periods. In general, the magnitude and vari-

Table 1 shows the calculated contributions from climate

ation of the simulations were similar to the observations.

change and human activities to the total streamﬂow and

The statistical measurements are presented in Table S3 in

sediment load reduction in the YRB during the period

the supplementary material (available with the online ver-

1996–2011. As shown in Table 1, the climate-change-

sion of this paper). For streamﬂow, R2 and NSE were 0.81

induced streamﬂow decrease was 14.7 m3/s per year,

and 0.71 in the calibration period and 0.74 and 0.65 in the

which accounts for 55.8% of the total decrease. The remain-

validation period. SWAT performance was not as good for

ing 44.2% of streamﬂow reduction was attributed to human

the sediment load simulation as for the streamﬂow simu-

activities. For sediment load, climate change and human

lation: R2 and NSE were 0.71 and 0.73 in the calibration

activities contributed about 36 and 64% of the total sedi-

period and 0.64 and 0.81 in the validation period.

ment

load

decrease,

respectively.

Thus,

during

the

As shown in Figure 4, the general magnitude and vari-

evaluation period (1996–2011) climate change had a larger

ation of the simulated streamﬂow and sediment load were

impact on streamﬂow decline than human activities,

Figure 3

|

The abrupt change in streamﬂow (a) and sediment load (b), as detected by the Pettitt test.
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watershed scale. Generally speaking, temperature and precipitation are the dominant climate factors that impact the
streamﬂow and sediment load yields (Morin et al. ;
Wei et al. ; Nadal-Romero et al. ; Miao et al.
). Rising temperatures can signiﬁcantly increase evaporation and extend the growing season, and decreasing
precipitation directly reduces streamﬂow. Figure 5 displays
the variations in annual mean temperature and precipitation for the YRB between 1972 and 2011. Annual
mean temperature showed a signiﬁcant upward trend
over that time period (P < 0.01), with an estimated increase
W

of 0.04 C per year. Annual mean precipitation showed a
downward trend, with an estimated decrease of 0.05 mm/yr.
Further examination reveals that precipitation in the wet
season (May–September) during the evaluation period
was lower than wet-season precipitation during the baseline period. Daily precipitation over 10 and 20 mm
thresholds occurred much more frequently during the baseline period than during the evaluation period. Most of the
rain falls during the wet season and is associated with highintensity precipitation events. The decreases in streamﬂow
|

Figure 4

Observed and simulated monthly streamﬂow (top) and sediment load (bottom)
in the YRB during the calibration period (1972–1978) and the validation period
(1979–1982).

and sediment load during the evaluation period were likely
partly due to these changes in temperature and precipitation patterns.

whereas human activities were the main cause of the decline
in sediment load.

Assessing the individual impacts of human activities
on streamﬂow and sediment load is relatively complex
because there are many human factors that can inﬂuence
the streamﬂow and sediment load both directly and

DISCUSSION

indirectly. The water demand from different sectors for

Impact of climate change and human activities

the urban economy and the increasing urban population,

the YRB is listed in Table 2. With the development of
it is inevitable that the demand for water will gradually
Climate change and human activity are the major drivers

expand. Domestic, agricultural, and industrial water use

of changes in streamﬂow and sediment load at the

increased by 224, 111, and 156%, respectively between

Table 1

|

Estimated contributions from climate change and human activities to streamﬂow and sediment load in the YRB

Period

Qv

Qs

ΔQ t

Climate change (%)

Human activity (%)

Streamﬂow (m /s)

Baseline
Evaluation

81.1
54.8

59.6
44.9

26.3

55.8

44.2

Sediment load (ton)

Baseline
Evaluation

4.2 × 107
1.5 × 107

3.6 × 107
2.7 × 107

2.6 × 107

36

64

3

Qv denotes the observed streamﬂow and sediment load data in both periods. Qs denotes the simulated streamﬂow and sediment load values in both periods. ΔQt denotes the total changes
during these two period (observed data in the evaluation period minus observed data in the baseline period).
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Annual mean temperature (a) and precipitation (b) in the YRB from 1972 to 2011.

Water consumption in the YRB
Water consumption (104 m3)

Consumption type

1980

1985

1990

1995

2000

Domestic water

531.1

590.83

710.28

898.48

1,188.13

Agricultural water

884.37

915.81

939.39

959.04

978.71

Industrial water

1,123.38

1,269.45

1,415.52

1,561.59

1,756.35

Data obtained from Wang et al. (2010).

1980 and 2000. Hence, the direct inﬂuence of human

processes (Li et al. ; Zhang et al. ). Figure 6 shows

activities on streamﬂow has intensiﬁed over the years.

the area covered by different land-use categories in the YRB

However, the inﬂuence of human activities on stream-

in 1990 and 2010, and Table S4 (supplementary material,

ﬂow and sediment load is mainly indirect. Human activities

available with the online version of this paper) displays the

change the natural geographical conditions of a basin

corresponding statistics. Between 1990 and 2010, the total

through changing land use and soil and water conservation

area covered by grassland decreased by 44.67 km2 and the

projects, which in turn alter the hydrological processes.

total area covered by water decreased by 5.59 km2. Urban

There have been many previous reports showing that land-

areas increased by 8.94 km2 and areas of bare land increased

use changes are associated with changes in the hydrological

by 0.13 km2. There was also an increase of 250.27 km2 in

Figure 6

|

Land use in 1990 and 2010 in the YRB.
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forestland and a decrease of about 200 km2 in cropland. This

proﬁle weakening soil erosion, and thus reducing stream-

change was primarily caused by the intentional conversion of

ﬂow and sediment load. Therefore, the increasingly

land from crops to forest and grass, which is the focus of the

intensive soil and water conservation practices may play

‘Grain for Green’ program (Su et al. ). However, even

an important role in reducing streamﬂow and sediment

after adjusting for the effects of the ‘Grain for Green’ pro-

load in the YRB.

gram, the area of land given over to all types of soil and

In this study, the results indicate that the impact of cli-

water conservation measures has increased since 2000.

mate

More intensive vegetation decreases streamﬂow via the inter-

reductions in streamﬂow, and accounts for 55.8% of the

change

exceeds

that

of

human

activities

to

ception of rainfall by the vegetation canopy. Meanwhile,

total decrease. Previous studies on this topic in the YRB

increases in vegetation may also increase the inﬁltration

have not yet reached a consistent conclusion. Gao et al.

and evapotranspiration rates, leading to further reductions

() demonstrated using the Budyko equation that climatic

in streamﬂow and sediment load.

variability contributed 49% of the change in streamﬂow.

The YRB is one of the areas on the Loess Plateau that

Different methods and different research periods may there-

suffers from severe soil erosion. To control soil erosion,

fore lead to different results. However, most studies have

many soil and water conservation measures have been

shown that human activities play a signiﬁcant role in the

implemented in the YRB, including terracing, check-dam

change in sediment load in the YRB – about 65–85% of

construction, forestation, and grass planting. Table 3

the total decline in most studies (Qiu ; Cheng et al.

shows the cumulative land area in the YRB given over to

). Soil and water conservation measures, such as

major soil and water conservation measures during different

check dams, may inﬂuence sediment load more signiﬁcantly

time periods. As shown in Table 3, the cumulative conserva-

than streamﬂow. Therefore, on the one hand, we should

tion area increased dramatically after the 1980s. Such large-

improve the model simulations in order to predict stream-

scale implementation of soil and water conservation

ﬂow and sediment load more accurately in the future and,

measures can change the characteristics of soil structures

on the other hand, we should continue to carry out soil

under the surface (micro-topography, land cover, and soil

and water conservation measures in the YRB.

features), as well as altering the local energy and water balance (Yang et al. ). For example, a check dam can

Impact of watershed subdivision threshold value and

reduce streamﬂow and sediment load directly by retaining

DEM resolution

ﬂoodwater and intercepting soil sediment, and can also
reduce them indirectly by increasing the evaporation and

In SWAT, the different watershed subdivision thresholds

soil water storage (Xu et al. ). Terracing decreases the

(WST) and DEM spatial resolutions can affect the water-

slope of the hillside, promoting the inﬁltration in the soil

shed modeling process and subsequent results (Jha et al.

Table 3

|

Cumulative area used for major soil and water conservation practices in the YRB
Incremental area of conservation measures (km2)

Conservation measures

1970–1979

1980–1989

1990–1996

1997–2000

2001–2005

Terracing

50.33

76.8

101.27

56

65.9

Check dams

12.9

9.07

3.87

4.57

12.4

Forestation

125.66

553.8

259.47

557.3

491.3

Grass planting

13.74

127.73

114.67

79.47

54.1

Total conservation area

202.63

767.4

479.28

900.06

783.2

Cumulative conservation area

430.66 (5.7%)

1,198.06 (16%)

1,677.34 (22.4%)

2,577.4 (34.4%)

3,350.6 (44.8%)

Data obtained from Li et al. (2011a).
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; Chaubey et al. ). The WST reﬂects the minimum

CFRG are the soil erodibility, cover and management, sup-

drainage area required to form the origin of a stream.

port practice, topographic, and coarse fragment factors,

Once the WST is assigned a subjective value, SWAT auto-

respectively. As shown in Equation (12), a smaller WST

matically

further

value will lead to a larger number of sub-watersheds and a

subdivides these sub-watersheds into HRUs. The DEM

reduction in the mean sub-watershed area (Table S5 in the

data contain the topography of the study area, which plays

supplementary material, available with the online version

an important role in the hydrological cycle. Thus, in order

of this paper). However, qpeak changes in proportion to the

to evaluate the sensitivity of the simulation to the WST

HRU area (Neitsch et al. ): when the WST is low, the

and DEM resolution, 10 different WST levels ranging from

value of qpeak will also be low and, consequently, the sedi-

delineates

the

sub-watersheds,

and

2

20 to 500 km and 11 DEM spatial resolutions ranging

ment yield will be reduced (Equation (12)). Furthermore,

from 20 × 20 to 2,000 × 2,000 m were used to simulate

there is a nonlinear dependency of sediment yield on

annual streamﬂow and sediment load during the period

‘Area’ because area is raised to the power of 0.56. In

1972–1978, and then the uncertainties were compared.

addition, if the WST value exceeds a certain threshold

The simulated annual streamﬂow and sediment load under

(150 km2 in this research), the stream length and stream

different WST levels are shown in Figure S1 (supplementary

slope for the watersheds at the watershed outlet (WOS)

material, available with the online version of this paper). We

will show a large change (Table S5), thus inﬂuencing sedi-

found that changing the WST barely changed the simulated

ment load during the years with large yield.

streamﬂow, consistent with the results from previous studies

Simulated streamﬂow and sediment load tend to

(FitzHugh & Mackay ; Jha et al. ; Tripathi et al.

decrease with coarser spatial resolution (Figure S2 in sup-

). Surprisingly, in the sediment-load experiment, changing

plementary material, available with the online version of

the WST tended to dramatically inﬂuence the sediment load

this paper). Moreover, we found that there is a DEM resol-

during the years with large sediment yields. In other words,

ution threshold beyond which the simulation results

the WST can bring a considerable degree of uncertainty to

become extremely unstable. As shown in Figure S2, a

the sediment load simulation. In SWAT, the sediment yield is

robust estimate of this DEM threshold for the YRB is

calculated by the MUSLE, as follows:

approximately 100 × 100 m. Delineation of sub-watersheds
is reliant on topographical accuracy, and topographical fea-

Sediment Yield ¼ 11:8(Qsurf  qpeak  Area)0:56  K  C  P
 LS  CFRG

tures are lost when the DEM resolution reaches a certain
(12)

level of coarseness. As the DEM resolution becomes coarser, the mean slope is reduced and the total watershed

where Qsurf is the daily runoff volume; qpeak is the 30-minute

tends to be ﬂatter (Table S6 in the supplementary material,

peak runoff rate; Area is the HRU area; and K, C, P, LS, and

available with the online version of this paper). Streamﬂow

Figure 7

|

Correlation between the mean slope and (a) streamﬂow and (b) sediment load.
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and sediment load in SWAT are signiﬁcantly correlated with

than climate change on sediment load. The results presented

the mean slope, with R 2 of 0.97 and 0.96 for streamﬂow and

in this paper should enable a better understanding of the

sediment load, respectively (Figure 7). Some previous

intrinsic causes of change in the hydrological cycle and sedi-

studies have shown that DEM resolution has no effect on

ment transport processes on the Loess Plateau. In addition,

SWAT simulated streamﬂow, but those results were likely

the ﬁndings on streamﬂow variability and sediment-load

due to the research area being ﬂat (e.g. Chaplot ) or

changes in the YRB could be a useful reference for adjusting

small with dense cover (e.g. Lin et al. ). In our opinion,

current water-resource management plans and evaluating the

the relationship between DEM resolution and simulated

potential risks to the ecosystem and environment.

streamﬂow likely varies according to the region being
studied.
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