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Abstract: Land-use change is one key factor influencing the hydrological process. In this study, the
Hun River Basin (HRB) (7919 km?), a typical alpine region with only four gauge meteorological
stations, was selected as the study area. The China Meteorological Assimilation Driving Datasets
for the SWAT model (CMADS), widely adopted in East Asia, was used with the Soil and Water
Assessment Tool (SWAT) model to simulate runoff and sediment yield responses to land-use change
and to examine the accuracy of CMADS in the HRB. The criteria values for daily/monthly runoff and
monthly sediment yield simulations were satisfactory; however, the validation of daily sediment yield
was poor. Forestland decreased sediment yield throughout the year, increased water percolation,
and reduced runoff during the wet season, while it decreased water percolation and increased runoff
during the dry season. The responses of grassland and forestland to runoff and sediment yield
were similar, but the former was weaker than the latter in terms of soil and water conservation.
Cropland (urban land) generally increased (increased) runoff and increased (decreased) sediment
yield; however, a higher sediment yield could occur in urban land than that in cropland when
precipitation was light.

Keywords: runoff; sediment yield; land-use change; SWAT; CMADS

1. Introduction

Water quantity and quality have become serious concerns in many countries around the
world, negatively affecting the human survival environment and sustainable economic and social
development [1-3]. Land-use and land-cover change (LUCC), one direct means for human activities
(e.g., afforestation, deforestation, urbanisation, and reservoir construction) to alter the landscape,
plays an important role in influencing the hydrologic response of watersheds in multiple ways [4,5].
LUCC is considered directly linked to changes in the hydrologic components in a watershed, such
as evapotranspiration, surface runoff, groundwater, and stream flow, and hence can change flood
frequency and severity, base flow, and annual mean discharge [6-9]. Following a conversion in land
use, soil erosion will be altered in turn affecting the sediment yield [10-12]. Many previous studies
throughout the world have shown that the changes in runoff and sediment yield are influenced by
LUCC at different spatial and temporal scales [6-16]. For example, Buendia et al. [13] found that
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increased forest area was the major driver of reduced stream flows and peak magnitudes as well as
prevention of increases in sediment load in an upland Mediterranean catchment. Lin et al. [14] applied
the Soil and Water Assessment Tool (SWAT) model to investigate runoff responses at annual, monthly,
and daily time scales using the same meteorological input but two different land-use scenarios (1985
and 2006, with reduced forest and increased cropland and urbanized area); the results showed a
varying change in runoff among the three time scales and three catchments in the Jinjiang catchment.
Mueller et al. [15] investigated the impact of LUCC on sediment yield for a meso-scale catchment in
the Southern Pyrenees and showed that LUCC had greater impacts on sediment yield than climate
change. Most investigations have focused on the whole changes in runoff/sediment yield influenced by
different historical land-use scenarios at annual scale; however, few studies regarding the impacts of
individual land-use types on runoff and sediment at annual and seasonal scales have been conducted.

To evaluate the hydrologic and sediment effects of environmental change, several methods have
been developed and are mainly divided into three categories: paired catchment approach, time series
analysis (statistical method), and hydrological modelling [7,17]. The paired catchment approach is often
considered to be the best method for the compensation of climatic variability in small experimental
catchment during the observation period. However, it is typically carried out in small catchments
because it is difficult to identify two medium- or large-sized catchments areas that are similar in
area, shape, geology, climate, and vegetation [18,19]. The time series analysis method is a simple
mathematical statistical model that cannot show the physical mechanism of a hydrological response.
At the same time, owing to the complexity of factors affecting hydrological changes in the basin, it
is easy to misjudge if other factors are excluded from the time series changes in the characteristic
variables [20]. Among these approaches, the hydrological modelling method, particularly a physically
based distributed hydrological model, is the most suitable for use in scenario studies and in assisting
in understanding the mechanisms of influence resulting from land-use impacts [6,14]. Compared with
other hydrological models, the SWAT model [21] is among the appropriate models for simulating
runoff and sediment yield under different land-use scenarios and it has been widely used throughout
the world (see SWAT Literature Database [22]). The SWAT model was used in this study because of
its availability, convenience, friendly interface, and simple operation; it can be downloaded from the
official website [23].

Spatial variabilities in precipitation and temperature are key factors in impacting the water balance
of large watersheds, particularly in mountainous areas [21,24,25]. However, sediment yield is closely
related to precipitation and runoff. Therefore, meteorological input data with high precision and
quality aids in reducing the uncertainty in the model input and improves model simulation reliability.
In this study, the SWAT model was driven by the China Meteorological Assimilation Driving Datasets
for the SWAT model (CMADS) established by Dr. Xianyong Meng from China Agricultural University
(CAU) [26]. The atmospheric re-analysis dataset CMADS was established by using Space-Time
Multiscale Analysis System (STMAS) assimilation and big data technology that corrects the European
Centre for Medium Range Weather Forecasts (ECMWF) with nearly 40,000 regional automatic stations
in China such that it can better reflect the real surface meteorological conditions [27,28]. CMADS has
formats suitable for SWAT, consisting of max/min temperature, precipitation, relative humidity, solar
radiation, and wind speed and can drive the SWAT model without changing the data type. This is very
convenient for users. Many researchers have shown the relatively higher accuracy of CMADS, which
will provide important basic data for hydrological research in East Asia, especially in areas with scarce
data [29-36]. For example, Liu et al. [29] applied CMADS, Climate Forecast System Reanalysis (CFSR),
and observed meteorological data to the SWAT model and found that CMADS + SWAT obtained
a better result than that of the other modes on the Qinghai-Tibet Plateau, northwest China, where
meteorological stations are scarce. Compared with observed meteorological data (OBS) or CMADS, the
SWAT model driven by OBS + CMADS provided the best simulation result for runoff in the Hailiutu
River Basin [31]. Thom et al. [32] used rainfall data from the Tropical Rainfall Measuring Mission
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(TRMM) and CMADS to simulate runoff of the Han River Basin on the Korean Peninsula and the
accuracy was acceptable.

The Hun River basin (HRB) has a large population and is among the areas subject to serious water
shortages in China. During recent years, the Chinese government has made a major strategic decision
of ‘Revitalization of Old Industrial Bases in Northeast China’. Meanwhile, the Liaoning province
government has proposed construction of the Shenfu Connection Area (Shenfu New Town) with an
area of 605 km? to connect Shenyang and Fushun. Moreover, many studies have demonstrated that the
government policies can have a considerable impact on land use, such as “Household Responsibility
System” and “Grain to Green Program” [37,38]. In addition, in cold areas, the climate is characterized
by a longer freezing period and winter every year. Therefore, it is essential to analyze the runoff and
sediment yield under individual land-use types and it needs to be considered at a local scale.

The objectives of this study were to (1) calibrate and validate the SWAT model in terms of runoff
and sediment yield based on CMADS in the HRB, (2) evaluate the impacts of individual land-use types
on annual and seasonal runoff and sediment yield at a sub-basin scale; and (3) analyze the differences
in runoff and sediment yield under individual land-use types during the wet and dry seasons.

2. Materials and Methods

2.1. Study Area

The total area of the HRB is 11,481 km? and the average annual runoff is approximately
3.05 billion m3. The study region (7919 km?) is upstream of Shenyang station (41°29'—42°16" N,
123°22'-125°17" E) within the HRB in Liaoning Province (Figure 1). The Dahuofang Reservoir is 18 km
from Fushun and 68 km from Shenyang. The upstream of the reservoir is mountainous with elevations
ranging from 400 to 800 m. The downstream of the reservoir is hills with the elevations of 100-200 m.
The study region is affected by temperate semi-humid and semi-arid continental winds with an
annual mean temperature of 4-8 °C. The area has a long and cold winter and a hot and rainy summer.
Precipitation is mainly occurs during the period of June-September or May—-August, accounting for
70%-80% of the total annual precipitation overall [39]. Grassland, cropland, and forestland are the
dominant land-use types in the catchment.
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Figure 1. The range and location of the study region in China.

The Baishahe River is an important tributary in the Hun River downstream, and the main river
flows to Shenfu New Town (SNT) [40]. The Baishahe River Basin (BRB) covers an area of 162.41 km?;
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the overlap area of BRB and SNT is 85.85 km?. Analyzing the changes in land use in SNT from 1997 to
2011, we found that the conversion of land use was mainly among forestland, cropland, grassland, and
residential land, such as returning cropland to forestland and/or residential land. SNT is a developing
city, the land-use conversion of which could be a representative of urban expansion in China.

2.2. Data Collection

The spatial data used in this study included digital elevation model (DEM), soil type, and land-use
data. The 90 m X 90 m resolution DEM was derived from CGIAR—Consortium for Spatial Information
(CGIAR-CSI) [41]. The soil data set was provided by the Environmental and Ecological Science
Data Center for West China, National Natural Science Foundation of China [42]. The Chinese soil
dataset (v1.1) was based on the Harmonized World Soil Database (HWSD) at a scale of 1:1,000,000
and a resolution of 1 km [43]. The percentages of the total area of the seven soil types in the basin
are as follows: Calcaric Cambisols: 0.13%, Haplic Phaeozems: 17.59%, Cumulic Anthrosols: 4.67%,
Haplic Luvisols: 56.61%, Gleyic Luvisols: 18.30%, Urban: 1.67%, and water bodies: 0.96%. Soil water
characteristics for each soil type were obtained by using the SPAW (Soil-Plant-Air-Water) computer
model developed by the U.S. Department of Agriculture (USDA) [44]. The land-cover map was drawn
using the global land cover for the year 2000 (GLC 2000) project coordinated by the Global Vegetation
Monitoring Unit of the European Commission Joint Research Centre with a resolution of 1 km, as
loaded from http://westdc.westgis.ac.cn [45]. The land-use types were classified into five categories
according to the SWAT code. The land-use types and their distribution in the HRB are shown in Figure 2.
The percentages of the total area of different land-use types in the basin are as follows: Agricultural
Land-Generic (AGRL): 16.59%, Forest-Mixed (FRST): 79.17%, Pasture (PAST): 3.76%, Residential-High
Density (URHD): 0.39%, and Water (WATR): 0.09%. The BRB, whose sub-basin number is 22 in this
study, was selected to investigate the impacts of individual land-use types on runoff and sediment
yield. Its main land use types are forest land (42.0 km?, 31.1%) and cropland (120.41 km?, 68.9%) with
the land-use data of GLC2000 and its main soil types are Cumulic Anthrosols (18.82%), Haplic Luvisols
(47.99%), and Haplic Phaeozems (33.54%).
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Figure 2. The land use types and their distribution in the HRB. Remarks: FRST—Forestland;
PAST—Grassland; AGRL—Cropland; URHD—Urban land; and WATR—Water.

Meteorological data including daily precipitation, maximum and minimum air temperature,
relative humidity, wind speed, and solar radiation were obtained from the CMADS official website
(http://www.cmads.org/) [26]. The spatial resolution of CMADS1.1 is 1/4° and the period is 2008-2016.
The observed runoff (unit: m>/s) and sediment data (unit: kg/s) at Beikougian, Dahuofang Reservoir
(no sediment yield data), Fushun, and Shenyang gauge stations between 2008 and 2014 were derived
from the Annual Hydrological Report of the People’s Republic of China published by the Ministry of
Water Resources of the People’s Republic of China.
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2.3. Methods

2.3.1. Hydrological Modelling

The SWAT model developed by Jeffrey G. Arnold is a continuous-time, semi-distributed, and
process-based river basin model [46]. It is a physically based model operating on a daily time step
and was initially developed to predict the impact of management on water, sediment, and agriculture
chemical yields [47]. SWAT is a deterministic model, which means that each successive model run
using the same inputs will result in the same outputs. Therefore, this type of model is suitable to
separate and evaluate the effects of a single variable, and it is easy to compare the relative effects from
one to another [48]. In applying the SWAT model, the study area is first divided into sub-basins based
on the DEM, and then these are further divided into one or more hydrologic response units (HRUs).
Each HRU, consisting of unique land use, management, topographical, and soil characteristics, is an
independent unit of the SWAT model and does not interact with the other HRUs. Simulation of the
watershed hydrology is separated into a land phase, which controls the amount of water, sediment,
nutrient, and pesticide loadings to the main channel in each sub-basin, and an in-stream or routing
phase, which is the movement of water, sediment, etc., through the channel network of the watershed
to the outlet [46]. The SWAT model is based on the water balance in the soil profile, and the processes
simulated include infiltration, surface runoff, evapotranspiration (ET), lateral flow, and percolation.
All the water balance processes in the same HRU are regarded as being consistent.

The study area was divided into 34 sub-basins and 317 HRUs. The Soil Conservation Service
(SCS) curve method [49] was used to calculate the surface runoff generated by each independent HRU
resulting from the daily input precipitation; the confluence was eventually obtained in the exit section.
The Penman-Monteith method [50] was used to calculate the potential evapotranspiration in the study
area and the variable storage routing method developed by Williams (1969) [51] was selected to calculate
the water evolution in the main channel. Soil erosion was computed using the Modified Universal Soil
Loss Equation (MUSLE) [52]. Sediment loadings from each HRU in the landscape were then summed
at the sub-basin level and the resulting loads were routed by runoff and distributed to the watershed
outlet [53]. Sediment transport in the channel network was simultaneously controlled by deposition
and degradation processes, which depended on the sediment loads originating from upland areas and
the channel transport capacity [53]. A more detailed description of the mechanisms and structure of
the SWAT model can be found in the theoretical documentation [23] and in Arnold et al. [21].

2.3.2. SWAT Calibration, Validation and Performance Evaluation

The SWAT Calibration Uncertainty Program (SWAT-CUP) was selected for the sensitivity analysis,
calibration, and validation. SUFI-2 (Sequential Uncertainty Fitting) is a comprehensive optimization
and gradient search method able to simultaneously calibrate multiple parameters and with a global
search function. It also considers the uncertainty of the input data, model parameters, and model
structure [54,55].

The calibration and validation of runoff and sediment were completed at monthly and daily scales
at the gauge stations in the HRB. The calibration period was 2008-2012 encompassing average, wet,
and dry years and the validation period was 2013-2014. Model performance, defined as the goodness
of fit between observed and predicted runoff/sediment yield, was quantitatively evaluated using the
Nash-Sutcliffe efficiency coefficient (NSE), the coefficient of determination (R?), and percent bias
(PBIAS) [56]. R? ranges from 0 to 1; and typically values greater than 0.5 are considered acceptable [57,58].
When NSE and PBIAS are consistent with the given criteria proposed by Moriasi et al. [56] (NSE > 0.5;
+15% < PBIAS < £25% for runoff; and +30% < PBIAS < £55% for sediment yield) for a monthly time
step, the model is considered to be applicable to the catchment and the impact analyses.
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2.3.3. Data Simulation

In this study, data simulation was based on four land-use and three precipitation scenarios. We
assumed four land-use scenarios (forestland, grassland, cropland, and urban land, respectively) in
extreme cases throughout the whole SNT region and as a part of land use within the HRB in each
model run. Calibrated parameters were used and the simulation period was set as 2008 to 2012 every
time using the same climatic forcing data because of the serious debris flow that occurred during 2013.
The land-use condition of GLC2000 in SNT was set as the baseline scenario. Then, we assessed the
contribution of changes in individual land-use types on runoff and sediment in the selected sub-basin
(BRB) at annual and seasonal scales. Under Scenario 1 (51), SNT was covered only by forestland,
referring to the conversion of cropland to forestland in the BRB. Under Scenario 2 (52), SNT was
covered only by grassland, transforming forestland and cropland into grassland in the BRB. Under
Scenario 3 (53), SNT was covered only by cropland, assuming a change from forestland into cropland
in the BRB. Scenario 4 (54), SNT was covered only by urban land, converting forestland and cropland
into urban land in the BRB. The information of land-use scenarios were shown Figure 3 and Table 1.
Under the different scenarios, the land-use change in the BRB (as shown in Figure 3) only occurred in
the overlap area of the BRB and SNT, and the land use of other areas and the meteorological inputs
remained constant; therefore, it was easy to distinguish the contribution of changes in individual
land-use types on runoff and sediment yield.
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Figure 3. Land-use change scenarios in the BRB in the HRB. “Extreme land use” means the land-use types
are FRST, PAST, AGRL, and URHD under S1, S2, S3, and 5S4, respectively. Remarks: FRST—Forestland;
PAST—Grassland; AGRL—Cropland; URHD—Urban land; and WATR—Water.

Table 1. Land-use types under different scenarios in the BRB.

Scenarios LUCC Description in BRB Forestland Grassland Cropland Urban
Area o Area o Area o Area o
(km?) ° km?) ° o km?) ° kmd) °
Baseline GLC2000 (forestland and cropland) 42 25.86 — — 12041  74.14 — —
S1 Cropland changed into forestland 118.1 72.72 — — 4431 27.28 — —
S2 Forestland and cropland changed into grassland 32.25 19.86  85.85 5286  44.31 27.28 — —
S3 Forestland changed into cropland 32.25 19.86 — 130.16  80.14 — —
S4 Forestland and cropland changed into 0.5 19.86 - . 4431 728 85.85 5086
urban land

To further research the responses of runoff and sediment yield to land-use change, three main
time scales (annual and wet and dry seasons) were adopted in this study. The wet season was further
divided into wet season 1 (W1) and wet season 2 (W2) and the dry season was divided into dry season
1 (D1) and dry season 2 (D2). W1 was from May to September, and correspondingly, D1 was October
to April. W2 ranged from June to September while D2 was October to May.
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3. Results

3.1. Model Calibration and Validation

The calibrated parameters with their initial values and descriptions are presented in Table 2. The
model results for calibration and validation based on performance criteria in the present study are
listed in Table 3. The runoff and sediment yield for the calibration and validation at the gauge stations
between simulated and observed data in the HRB are shown in Figures 4-7 and Table 3.

Table 2. Parameters used to calibrate runoff and sediment yield in the HRB.

Parameter Definition Min. Value Max. Value

Parameters used to calibrate runoff

ALPHA_BNK Baseflow alpha factor for bank storage 0 1
CN2 SCS runoff curve number for moisture condition II 35 98
SOL_K Soil conductivity 0 2000
CH_K2 Effective hydraulic conductivity in the main channel 0 150
SOL_BD Soil bulk density 1.1 1.9
GWQMN Threshold dfepth of water in the shallow aquifer 0 500
required for return flow to occur
GW_REVAP Groundwater “revap” coefficient 0.02 0.2
ESCO Soil evaporation compensation factor 0.01 1
CH_N2 Manning’s n value for main channel 0 0.3
GW_DELAY Groundwater delay time 0 500
SOL_AWC Soil available water storage capacity 0 1
ALPHA_BF Baseflow alpha factor 0 1
SFTMP Snowfall temperature -5 5
SMTMP Snow melt base temperature -5 5
Parameters used to calibrate sediment yield
SPCON Linear parameters for calculating the channel 0.001 0.01
sediment rooting ’ ’
SPEXP Exponent paramet.er for Calcu.lating the channel 1 15
sediment routing
CH_COV Channel cover factor 0 1
CH_EROD Channel erodibility factor 0 0.6
PRE Peak rate adjustment factor for sediment routing in 0 2
the main channel
USLE_K USLE equation soil erodibility (K) factor 0 0.65

Table 3. Criteria for examining model calibration and validation accuracy.

Time Runoff Sediment
C/V Criteria
Scales Beikougian g::;gf,??g Fushun Shenyang Beikouqian Fushun Shenyang
Calibration NSE 0.92 0.78 0.82 0.83 0.56 0.93 0.95
(2008-2012) R2 0.94 0.8 0.82 0.84 0.57 0.96 0.96
PBIAS (%) 19.56 21.62 13.02 15.12 27.54 7.92 23.84
Validation NSE 0.89 0.67 0.7 0.75 0.002 0.41 0.84
Monthly (20132014) R2 0.94 0.69 0.74 0.7 0.99 0.96 0.9
B PBIAS (%) 16.75 18.11 22.81 23.72 97.4 68.9 41.1
Validation NSE 0.62 0.65 0.72
(2014) R? 0.68 0.71 0.8
PBIAS (%) 11.86 22.16 329
Calibration NSE 0.79 0.53 0.64 0.65 0.29 0.4 0.53
(2008-2012) R2 0.8 0.55 0.65 0.67 0.5 0.47 0.57
Daily PBIAS (%) 11.14 24.52 253 24.84 60.68 25.77 16.98
Validation NSE 0.85 0.56 0.57 0.67 0.12 0.36 0.44
(2013-2014) R2 0.86 0.63 0.66 0.69 0.94 0.85 0.67
PBIAS (%) 1.44 20.72 11.6 11.5 91.96 41.52 5.56

Note: “C/V” means “Calibration/Validation”.
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Figure 6. Comparison of observed and simulated monthly sediment yield during the calibration
(2008-2012) and validation periods (2013-2014): (a) Beikougian, (b) Fushun, and (c) Shenyang.

For monthly and daily runoff, all the NSE and R? values were greater than 0.5 and the PBIAS
values were within a range of +25%, suggesting satisfactory simulation was achieved according to
Moriasi et al. [52].

For monthly sediment, the calibration result was satisfied; however, the validation result was
poor for the Beikougian and Fushun stations, particularly for the upstream Beikougian station (the
NSE and R2 were 0.002 and 0.99, respectively). The total observed sediment yield during August 2013
was approximately 1.08 million tons; however, the simulated was only 0.24 million tons, 0.84 million
tons lower than the observed (Figure 6). The maximum daily average sediment transport rate was
94 tons per second, i.e., 8,121,600 tons per day, observed at Beikougian station on 17 August 2013.
According to the 2013 Bulletin of Flood and Drought Disaster in China [59] published on the internet
by the Ministry of Water Resources of the People’s Republic of China, a heavy rainstorm occurred
north of Liaoning Province from 15-17 August 2013, and the maximum point of rainfall accumulation
(456 mm) was observed at Hongtoushan Station, Fushun, Liaoning Province. The upstream Hun
River was subject to an extraordinary 50-year flood leading to a large-scale debris-flow-dominated
geohydrological process [60]. This debris flow disaster might have resulted in a considerable increase
in sediment and resulting in the poor evaluation during the validation period (2013-2014). At the same
time, a similar reason or more complex factors led to a disappointing result (most NSE values were
lower than 0.5) for daily sediment during the calibration and validation periods, particularly for the
upstream and middle stream hydrological stations.
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Figure 7. Comparison of observed and simulated daily sediment yield during the calibration (2008-2012)
and validation periods (2013-2014): (a) Beikougian, (b) Fushun, and (c) Shenyang.

In practice, the model performance was good during both calibration and validation for runoff,
particularly for the upstream region of the HRB. The cause of the difference in consistency of
the simulation hydrographs among the gauge stations may be related with the human activities
(e.g., irrigation, reservoir operation, and water diversion), which can greatly affect hydrological
processes [48,61]. In this study the upstream is a reservoir water source protection region with a
larger area of forestland and fewer external factors; in contrast, two big cities (Fushun and Shenyang)
and considerable cropland occur in the downstream of the HRB. This is a probable reason why the
simulated flood peak was higher than the observed at Dahuofang Reservoir, Fushun, and Shenyang
stations on 17 August 2013 (as shown in Figure 5b—d).

If the validation for the monthly sediment yield were to be changed to 2014, all the indicator values
met the requirements (Table 3). Therefore, the SWAT model was thought to be a reliable representation
of hydrologic processes and sediment export and can be used to simulate responses for the studied
catchment at a monthly scale.

3.2. Water Balance Components Under Different Land-Use Scenarios

To further analyze the impacts of LUCC changes on the hydrological cycle, the hydrological
components of individual land-use scenarios were assessed based on model simulation. The analysis
results showed that the water balance varied among different land-use scenarios at different time scales
in the BRB (Figure 8).
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Figure 8. Impact of land-use change on water balance components at all statistical time scales: (a) refers
to “annual” scale; (b) refers to “W1”; (c) refers to “W2”; (d) refers to “D1”; and (e) refers to “D2”.
FRST—Forestland; PAST—Grassland; AGRL—Cropland; URHD—Urban land.

The impact of land-use change on the annual water balance components is shown in Figure 8a.
Under the four hypothetical land-use change scenarios applied in our study sub-basin (the BRB), when
the baseline land use (consisting of cropland and forestland) was converted to cropland/urban land, or
to grassland/forestland, this would lead to the same change trend of the water balance components,
excluding soil water content. For example, when changing the baseline scenario to the urban land
scenario, the amount of water percolation (PERC) decreased 54.22% (2.66 mm), groundwater discharge
(GW_Q) decreased by 51.32% (2.14 mm), soil water content (SW) decreased by 50.15% (17.02 mm),
surface runoff (SURQ) increased by 332.27% (8.76 mm), and water yield (WYLD) increased 90.31%
(6.61 mm). However, when by changing the baseline scenario to the forestland scenario, PERC and
GW_Q increased by 18.77% and 20.03% (1.18 mm and 0.76 mm), respectively, and SW, SURQ, and
WYLD decreased by 19.72%, 45.83%, and 4.29% (5.05 mm, 1.33 mm, and 0.55 mm), respectively. Other
water balance components (e.g., precipitation (PRECIP), potential evapotranspiration (PET), actual
evapotranspiration (ET)) insignificantly changed, except for a 10.75% reduction in ET under urban
land scenario.

During the wet season (W1 and W2), the change trend of the water balance components (Figure 8b,c)
was similar to that at annual scale.

During the dry season (D1 and D2), the changes in the water balance components influenced by
land-use change scenarios were consistent (Figure 8d,e). For D1, the forestland scenario (S1) increased
ET, GW_Q, and WYLD by 12.45%, 14.00%, and 10.32% (1.45 mm, 0.34 mm, and 0.27 mm), respectively,
and decreased SW, PERC, and SURQ by 18.79%, 37.40%, and 53.62% (6.50 mm, 0.32 mm, and 0.07 mm),
respectively. The urban land scenario (S4) decreased ET, SW, PERC, and GW_Q by 11.51%, 45.94%,
63.20%, and 53.00% (1.34 mm, 15.89 mm, 0.54 mm, and 1.29 mm), respectively, and increased SURQ
and WYLD by 1385.94% and 23.04% (1.90 mm and 0.61 mm), respectively. There were few water
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balance components that changed more than 5% under the grassland (52) and cropland scenarios (S3).
The grassland scenario (S2) resulted in a decrease in SW, PERC, and SURQ of 11.17%, 42.19%, and
47.38% (3.86 mm, 0.36 mm, and 0.07 mm), respectively. Cropland scenario (S3) increased PERC and
SURQ by 6.21% and 27.76% (0.05 mm and 0.04 mm), respectively. Therefore, during the dry season,
forestland and urban land have a great effect on the water balance components.

3.3. Contribution of Changes in Individual Land-Use Scenarios on Runoff

Simulated runoff changes resulting from the land-use change scenarios at different time scales
under the same meteorological inputs (2008-2012) are summarized and compared in Table 4.

(1) Annual scale

The impact of land-use change on annual runoff is shown in Figure 9 and Table 4. The urban land
scenario (S4) dramatically increased runoff by 90.23% (0.62 m3/s), followed by the cropland scenario
(S3) with a minor increase in runoff (1.08%). However, the scenarios of forestland (S1) and grassland
(52), respectively, reduced runoff by 4.05% and 7.27% (0.03 m3/s and 0.05 m3/s). Meanwhile, when
compared with forestland, grassland plays an important role in reducing runoff at annual scale. The
contribution of changes in individual land-use scenarios on runoff at annual scale was urban land >
cropland > baseline > forestland > grassland.

1.4 4 90.23

[ GLC2000
I FRST
[ PAST
[ AGRL
I URHD
GLC2000 FRST PAST AGRL URHD
(Baseline) (1) (S2) (S3) (S4)
Lucc

Figure 9. Responses of different land-use scenarios to annual runoff. Remarks: FRST—Forestland;
PAST—Grassland; AGRL—Cropland; URHD—Urban land.

Moreover, at annual scale, the coefficients of determination (n = 12) at the sub-basin scale under
the scenarios of urban land, cropland, baseline, grassland, and forestland, were 0.87, 0.41, 0.36, 0.25,
and 0.15, respectively. The high R? for the rainfall-runoff relationship under the urban land scenario
suggests that changes in runoff in the sub-basin under this scenario (covered by a large area of
impervious surface) were actually mainly a function of the changes in precipitation, while the weakest
rainfall-runoff relationship occurred under the forestland scenario (Figure 10).
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Figure 10. Responses of different land-use scenarios to average monthly runoff. Remarks:
FRST—Forestland; PAST—Grassland; AGRL—Cropland; URHD—Urban land.

(2) Wet season and dry season

The contribution of changes on runoff during the wet seasons (W1 and W2) under different
scenarios was similar to that at annual scale (Figures 9 and 11). In addition, the scenarios of urban land
(S4) and cropland (S3) increased runoff (from 90.23% to 117.5% and from 1.08% to 3.87%, respectively)
while forestland (S1) and grassland (S2) reduced runoff (from —4.05% to —13.83% and from —7.27% to
—11.27%, respectively), compared with the values at annual scale (Table 4). For example, the urban
land scenario (S4) increased runoff by 117.5% (1.382 m?3/s) and the forestland scenario (S1) decreased
runoff by 13.83% (0.163 m3/s) during W1. Reviewing Figure 11 and Table 4, we found that the range of
the change rate of runoff was influenced by individual land-use scenarios during W2 less than that
during W1. The reason might be that the differences among the effects of land-use change on runoff
decrease if the denominator runoff (or precipitation) increases during wet season (Figure 11a,b). The
contribution of changes in individual land-use scenarios on runoff during the wet season was urban
land > cropland > baseline > grassland > forestland.

1150
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Figure 11. Runoff responses of different land-use scenarios during the wet season (W1 and W2) and
dry season (D1 and D2): (a) refers to “W1”; (b) refers to “W2”; (c) refers to “D1”; and (d) refers to “D2”.
FRST—Forestland; PAST—Grassland; AGRL—Cropland; URHD—Urban land.
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Table 4. Simulated runoff changes resulting from the land-use change scenarios at different time scales.

Land-Use Scenarios

Average Monthly GLC2000

Time Precipitation (Baseline) FRST (S1) PAST (S2) AGRL (S3) URHD (S4)
Scales
(mm) . w Q ; . ;
(m/s) R (%) m%/s) R (%) (m3/s) R (%) (m/s) R (%) m%/s) R (%)
D1 16.2 0.341 — 0.409 20.03 0.35 2.57 0.321 -5.78 0.42 23.14
D2 19.9 0.348 — 0.388 11.46 0.341 -1.8 0339 -259 0.538 54.6
Annual 45.38 0.69 — 0.66 —4.05 0.64 —7.27 0.7 1.08 1.31 90.23
W1 86.3 1.176 — 1.013 -13.83 1.044 -11.27 1.222 3.87 2.558 117.5
w2 96.4 1.372 — 1.208 -11.92 1234 -10.05 1.412 294 2.857 108.3
D1-D2 3.7 0.007 — -0.021 -857 -0.009 -437 0.018 3.19 0.118 31.46
W1-W2 10.1 0.196 — 0.195 1.91 0.19 1.22 0.19 -093 0299 -9.18

Note: “W1-W2” means variable change from W1 to W2; and similarly for “D1-D2”. FRST—Forestland;
PAST—Grassland; AGRL—Cropland; URHD—Urban land.

Table 4 and Figure 11c,d show that in contrast to the responses of runoff to land use change at
annual and wet seasonal scales, the forestland scenario (S1) increased runoff by 20.03% and 11.46%
(0.068 m3/s and 0.04 m3/s) during D1 and D2, respectively, while the cropland scenario (S3) decreased
runoff by 5.78% and 2.59% (0.02 m*/s and 0.01 m%/s) during D1 and D2, respectively. Moreover, during
D1 and D2, the urban land scenario (54) increased runoff by a relatively moderate amount (23.14%
(0.079 m3/s) and 54.60% (0.19 m>/s), respectively) compared with the sharp contrast at annual and
wet seasonal scales (all were greater than 90% (0.62 m3/s)). Nevertheless, when the baseline land use
(consisting of cropland and forestland) was converted to grassland, the effects of land-use change on
runoff were opposite in the D1 and D2 (Table 4). The grassland scenario (52) increased 2.57% (0.009 m3/s)
of runoff during D1 but reduced runoff by 1.80% (0.007 m3/s) during D2. The contribution of changes
in individual land-use scenarios on runoff during D1 and D2 were urban land > forestland > grassland
> baseline > cropland; and urban land > forestland > baseline > grassland > cropland, respectively.

3.4. Contribution of Changes in Individual Land-Use Scenarios on Sediment Yield

Simulated sediment yield changes resulting from the land-use change scenarios at different time
scales were summarized and compared as listed in Table 5.

Table 5. Simulated sediment yield changes resulting from land-use change scenarios at different
time scales.

Land-Use Scenarios

Time AverageMonthly  GLC2000 FRST (S1) PAST (S2) AGRL(S3)  URHD (S4)
Precipitation (Baseline)
Scales (mm)
m S ke S Rew S R®%W 3. R S R
(tons) ° (tons) ° (tons) ? (tons) ° (tons) °
D1 16.2 4.73 — 1.47 -68.99 1.47 -68.83  7.25 53.29 11.31  139.32
D2 19.9 25.34 — 7.69 —-69.65 7.75 -69.42  38.82 53.22 1782 —-29.68
Annual 45.38 122.8 — 3323 -7294 33.64 -72.61 184.16 49.97 4311 -64.89
W1 86.3 288.1 — 77.69  -73.03 78.68 —72.69 431.83 49.89 87.63  —69.58
W2 96.4 317.73 — 84.3 -7347 8543 7311 47483 4945 93.7 —70.51
D1-D2 3.7 20.61 — 6.23 —0.65 6.28 -0.59 31.57 -0.07 6.51 -169
W1-W2 10.1 29.62 — 6.61 -0.44 6.75 -0.42 43 —-0.44 6.07 -0.93

Notes: “W1-W2” means variable change from W1 to W2, and similarly for “D1-D2”. FRST—Forestland;
PAST—Grassland; AGRL—Cropland; URHD—Urban land.

(1) Annual scale

The impacts of land-use change on annual sediment yield are shown in Figure 12 and Table 5.
It is shown that when the baseline land use (consisting of cropland and forestland) was converted to
cropland, the sediment yield increased 50.40% (61.36 tons). The scenarios of forestland (S1), grassland
(52) and urban land (S4) decreased the sediment yield by 72.96%, 72.60%, and 65.41% (89.57 tons, 89.16
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tons, and 79.69 tons), respectively. The contribution of changes in individual land-use scenarios on

sediment yield at annual scale was cropland > baseline > urban land > grassland > forestland.
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Responses of annual sediment yield to different land-use scenarios.

FRST—Forestland; PAST—Grassland; AGRL—Cropland; URHD—Urban land.

(2) Wet season and dry season

Remarks:

The effects of land-use change on sediment yield during the wet season (W1 and W2) were
consistent to those at annual scale (Figure 13a,b). The change rates of sediment yield induced by
different land-use scenarios during the W1 and W2 were nearly the same (Table 5). The urban land
scenario (54) during other statistical periods in this study typically decreased the sediment yield,
while it produced substantial sediment (an increase of 139.32% (6.58 tons)) during D1, even more than
cropland scenario (an increase of 53.29% (2.52 tons)) (Figure 13c and Table 5). The average reduction
changes in sediment yield caused by forestland/grassland were approximately 73% and 69% during
the wet and dry seasons, respectively. The contribution of changes in individual land-use scenarios on
sediment yield during the wet season (W1 and W2) and D2 was cropland > baseline > urban land >
grassland > forestland; however, it was urban land > cropland > baseline > grassland > forestland

during D1.
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Figure 13. Sediment yield responses to different land-use scenarios during the wet season (W1 and
W2) and dry season (D1 and D2): (a) refers to “W1”; (b) refers to “W2”; (c) refers to “D1”; and (d) refers
to “D2”. FRST—Forestland; PAST—Grassland; AGRL—Cropland; URHD—Urban land.
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4. Discussion

In this study, the CMADS + SWAT mode was used to calibrate and validate the runoff and sediment
yield at monthly and daily scales. In general, satisfactory results have been achieved for monthly runoff,
daily runoff, and monthly sediment yield. In the HRB, some studies in the upstream catchment area
of the Dahuofang Reservoir using the SWAT model and driven by OBS have been conducted [39,62].
Compared with Han [39] and Yang [62], the CMADS + SWAT mode achieved a better result for monthly
runoff and a worse but satisfactory result for monthly sediment yield. However, both of the researchers
did not simulate runoff and sediment yield on the daily scale. In general, soil erosion is controlled by
a variety of factors [6,37]. Regarding the sediment yield simulation, it tended to be underestimated
during most summers. A similar phenomenon was shown in the Miyun Reservoir catchment [63].
In relatively extreme cases, high-speed surface runoff may cause strong erosion to the surface, and
even landslides under the action of hydrodynamic force, resulting in a large amount of sediment
transport in the river. However, there may be some uncertainties in the observed sediment data [64]
for the model calibration and validation, although these data were obtained from authoritative reports
issued by the Ministry of Water Resources of the P. R. China. Extraction techniques and sediment
sampling intervals were not shown in the reports, and there were few monitoring points [64]. Thus, it
is impossible to check whether sediment yield was underestimated or overestimated. Another possible
reason for underestimating the sediment yield could be the limitations of the SCS-CN method. The
duration and intensity of rainfall are not considered; instead, the average daily rainfall is used as a
SWAT input [65]. In fact, high-intensity and even short-duration rainfall could generate more sediment
than actualized in the model based on daily rainfall [63]. Overall, the CMADS can well reflect the
climatic characteristics of the study area. The CMADS + SWAT mode is reliable and CMADS can be
used for other studies in the HRB.

The runoff responses under each land-use scenario at the dry seasonal scale were different from
that at annual and wet seasonal scales (Table 4); while the sediment yield responses under each land-use
scenario were similar at annual and seasonal scales (Table 5). At annual and wet seasonal scales, the
scenarios of forestland (S1) and grassland (S2) increased percolation loss to depth, decrease WYLD,
and lead to decrease in runoff. However, it was the opposite during the dry season. Deforestation and
urbanization usually decrease ET and percolation, increase WYLD and SURQ, and lead to increase
in runoff [14,37]. Guo et al. [66] reported that the increase in forest cover, due to the conversion of
agricultural lands to forest, reduced runoff in the wet season but increased it in the dry season in
the Poyang Lake basin. Fu et al. [67] found that in Northeastern China, the conversion of cropland,
forestland, and grassland into forestland/grassland resulted in the reduction of the monthly runoff
from March to August, while the runoff for other months increased; however, the situation was the
opposite when the cropland, forestland, and grassland were converted into croplands. The change
ratios for the forestland scenario (from —13.83% to 20.03%) and grassland scenario (from —11.27% to
2.57%) (Table 4) showed that forestland had a greater advantage than grassland in reducing flood
potentials during the wet season and in moderating drought severity during the dry season. A similar
pattern of runoff responses was noted by Lin et al. [14] and Guo et al. [66]. In contrast, Huang et al. [68]
found that the forestland was no better than grassland in conserving water when the canopy cover of
forestland was less than grassland; we also noticed that some studies found the forest changes has
limited [69] or no influence [70] on watershed flows of rivers. In addition, forestland was expected
to greatly reduce flood for small storms but less significance for the largest storms [71]. As shown
in Table 4, when the rainfall was large, the hydrological changes could be weakened due to land-use
change. Because of the retention effect of forests on floods, the remaining water flow may overlap with
the latter flood peaks, thus causing greater disasters than that of nonforestland, if the previous flood
outflow process was not over yet and a new storm occurred [72]. In this study, the precipitation was
246.27 mm, but runoff yield was 264.62 mm in the Beikougian region (almost covered by forestland)
during August 2013. It might be the overlapping of flood peaks that resulted in an extraordinary flood
disaster. The urban land, covered by many impervious layers, usually significantly decreased ET,
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SW, PERC, and GW_Q, and increased SURQ and WYLD, leading to a relative significant increase in
runoff. Similar conclusions have been drawn by many studies [34,65,73]. Chang et al. [74] indicated
that only the urban watershed exhibited a significant increase in both wet and dry season runoff ratios.
In fact, because the runoff generated by urban land is closely related to precipitation, it was less than
that of forestland in the early dry season (September to November) (Figure 10). In all the statistical
periods, both forestland (S1) and grassland (S2) scenarios reduced sediment yield by approximately
70%, while sediment yield increased by about 50% under cropland scenario (S3). Forestland and
grassland can protect soil from erosion, while cropland generated more sediment [6]. Yan et al. [37]
reported that cropland (forestland) had a greater positive (negative) effect on sediment yield, with
negative regression coefficients between grassland and urban land and the sediment yield in the Upper
Du Watershed. Serpa et al. [53] found the cropland depicted the highest erosion rates, and forests
typically had lower erosion rates than grasslands. Urban land scenario (54) decreased sediment yield
by more than 60% at annual and wet seasonal scales. However, sediment yield reduced by 29.68%
in D1 while it increased by 139.32% (the change rate even more than cropland scenario) in D2. The
primary reason for this might be that the urban land scenario (54) is prone to produce more runoff
than cropland scenario (53) in D1, leading to higher sediment transport to the rivers (Figures 11c and
13c). However, when the precipitation is no longer a factor restricting the runoff caused by cropland,
more sediment will be produced by the cropland (Table 5). Moreover, heavy rainfall can weaken the
hydrological processes such as interception and infiltration of the underlying surface (Table 4) [14],
as well as the influence of underlying surface conditions on the relationship between rainfall and
sediment yield (Table 5) [75].

In this study, we only investigated the effects of land-use change (LUCC only occurred in the
downstream of the BRB) on runoff and sediment yield at annual and seasonal (W1, W2, D1, and D2)
scales. However, we noticed many studies have demonstrated that runoff and sediment transport
processes can be significantly influenced by the spatial distribution patterns of land use at different
temporal and spatial scales. Yin et al. [76] reported that the impacts of LUCC changes on flow regimes
were greater after the “Grain for Green Program” in the downstream areas of the Jinghe River Basin
than in the upstream. Lin et al. [14] analyzed the land-use change impacts on catchment runoff using
different time indicators and the results showed a varying change in runoff among three time scales and
three catchments. Khoi et al. [6] compared their results to several studies in Vietnam and found that a
smaller change because of LUCC occurred in streamflow and sediment yield, which could be explained
by the approximately 50% change in forest land that occurred in the downstream. Interestingly, in our
study, although the LUCC only occurred in the downstream of the BRB, significant change ratios were
predicted for runoff and sediment yield under individual land-use scenarios at annual and seasonal
scales. Although the area of BRB is small, the effects of individual land-use types on runoff and
sediment yield at annual and seasonal scales were relatively clearly shown. Due to the heterogeneity
in landscape, climate, and geology in the watersheds, it is essential to quantify the effects of spatial
distribution patterns of land use for a local scale. Our further work will analyze the impact of land-use
pattern changes on runoff and sediment in the HRB from the perspective of large-scale and multi-time.

Undeniably speaking, the SWAT model is useful and effective to investigate the responses of
runoff and sediment yield to land-use change, but some limitations as well as uncertainties exist in
both the data and the model. The runoff and sediment yield may be influenced by the resolution
of the DEM, soil, and land use and the watershed and HRU delineation [77]. Precipitation is a key
factor affecting runoff events and sediment exports [78,79], whereas precipitation is adopted in each
sub-basin in a basin according to the nearest rain gauge to the sub-basin centroid [80]. Therefore,
having a good number and distribution of rain gauges in a basin is very beneficial for simulations of
hydrological processes. In this study, ten CMADS stations selected by SWAT were relatively uniform
distribution in the HRB (Figure 1). Acceptable and relatively stable model performance was achieved
when the rain gauge density ranged between 1.0 and 1.4 per 1000 km? [81], and the station density was
1.26 per 1000 km? in the HRB. Moreover, a number of empirical and quasiphysical equations in SWAT
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model were developed based on climatic conditions in the U.S., which may not be appropriate for the
climate in China, such as the SCS-CN method and MUSLE method [82]. The MUSLE method does
not include the processes occurring in the watershed for both erosions cause by landslides and the
“second-storm effect” effecting the mobilization of particulates from soil surface [83]. This may lead to
great effects on the results for sediment yield simulations, especially at daily scale. The databases in
SWAT were also mostly developed to reflect North American conditions, while the transferability of
that to Chinese conditions is doubted by Ongley et al. [84]. It is suggested that some parameters in the
empirical equations and the SWAT databases should be modified to suit Chinese conditions in order
to improve the simulation results. In addition, calibrated parameters are conditioned on the choice
of objective function, the type and length of measured data, and the procedure used for calibration,
etc. [55]. Of course, the accuracy of the data is necessary for model simulation. Despite these limitations
and uncertainties, the simulation results for monthly/daily runoff and monthly sediment yield were
satisfactory according to Moriasi et al. [56].

5. Conclusions

In this research, the SWAT model driven by the CMADS was successfully applied to the HRB,
specifically to determine the monthly monthly and daily runoffs. Because many factors can affect the
calibration and verification of sediment yield, the simulations of sediment yield in this study were
not perfect, but the production of monthly sediment was simulated to meet the requirements (2014
selected as the validation period). The results demonstrated that CMADS was a reliable meteorological
data source for the HRB, and the model application was a valid tool for investigating the impacts of
land-use changes on runoff and sediment yield. CMADS has been successfully applied in some areas
of China and other East Asian countries (e.g., South Korea), and can reflect the climatic characteristics
of these areas well, perhaps providing valuable meteorological data for the regions with scarce gauge
stations. Moreover, CMADS can be further improved its accuracy of data in other East Asian countries
through revising by local measured data. CMADS covered only nine years (2008—2016); if the time
series could be extended for decades, it may help researchers to conduct more extensive research in
East Asia.

At the sub-basin scale (BRB), the responses of individual land-use types to annual and seasonal
runoff and sediment yield using scenario assumptions were determined. Our research indicated that
the effects of land-use type on water balance components, runoff, and sediment yield might be altered
when different time scales were considered. The changes of water balance components, runoff, and
sediment yield under individual land-use scenarios were similar between the annual and wet seasonal
scale. Compared with grassland, forestland played a more active role in water redistribution from
the wet season to the dry season by promoting infiltration-recharging-discharging processes, and in
reducing the soil erosion. However, during the wet season, forestland may lead to greater flood disaster
when the subsurface water flow overlaps with the latter flood peaks, because more water is stored
in soil and bedrock in forestland. Deforestation and urbanization usually reduce evapotranspiration
and water penetration, and increase SURQ), thereby leading to an increase in runoff. Relatively lower
runoff occurred under the cropland and urban land scenarios in the early dry season, because the water
stored by grassland and forestland during the wet season recharged the river flow, particularly for
forestland. Cropland, due to high soil erosion, increased the amount of sediment to be transported into
the river along with runoff. On the other hand, under light precipitation (or runoff) conditions, urban
land might increase sediment export more, resulting from a relatively larger runoff. In addition, heavy
rainfall can weaken the hydrological processes such as interception and infiltration of the underlying
surface, as well as the influence of underlying surface conditions on the relationship between rainfall
and sediment yield. The limitations as well as uncertainties in SWAT may influence the results in
terms of runoff and sediment yield simulations. In general, this study provides useful information for
policy makers about the influences of each land-use type on soil and water conservation at annual and
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seasonal scales in the HRB during urbanization. The influence of land-use pattern change on runoff
and sediment yield in river basins needs to be further studied.
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