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Abstract: Land use/cover change (LUCC) affects canopy interception, soil infiltration, land-surface
evapotranspiration (ET), and other hydrological parameters during rainfall, which in turn affects
the hydrological regimes and runoff mechanisms of river basins. Physically based distributed
(or semi-distributed) models play an important role in interpreting and predicting the effects of LUCC
on the hydrological processes of river basins. However, conventional distributed (or semi-distributed)
models, such as the soil and water assessment tool (SWAT), generally assume that no LUCC takes
place during the simulation period to simplify the computation process. When applying the SWAT,
the subject river basin is subdivided into multiple hydrologic response units (HRUs) based on the
land use/cover type, soil type, and surface slope. The land use/cover type is assumed to remain
constant throughout the simulation period, which limits the ability to interpret and predict the effects
of LUCC on hydrological processes in the subject river basin. To overcome this limitation, a modified
SWAT (LU-SWAT) was developed that incorporates annual land use/cover data to simulate LUCC
effects on hydrological processes under different climatic conditions. To validate this approach,
this modified model and two other models (one model based on the 2000 land use map, called SWAT
1; one model based on the 2009 land use map, called SWAT 2) were applied to the middle reaches
of the Heihe River in northwest China; this region is most affected by human activity. Study results
indicated that from 1990 to 2009, farmland, forest, and urban areas all showed increasing trends,
while grassland and bare land areas showed decreasing trends. Primary land use changes in the
study area were from grassland to farmland and from bare land to forest. During this same period,
surface runoff, groundwater runoff, and total water yield showed decreasing trends, while lateral
flow and ET volume showed increasing trends under dry, wet, and normal conditions. Changes in
the various hydrological parameters were most evident under dry and normal climatic conditions.
Based on the existing research of the middle reaches of the Heihe River, and a comparison of the
other two models from this study, the modified LU-SWAT developed in this study outperformed the
conventional SWAT when predicting the effects of LUCC on the hydrological processes of river basins.

Keywords: land use/cover change; SWAT; hydrological processes

1. Introduction

Resulting from the long-term interaction between human needs and natural processes [1–3],
land use/cover change (LUCC) affects canopy interception, soil infiltration, land-surface
evapotranspiration (ET), and other hydrological parameters during rainfall, which in turn affects
the hydrological regimes and runoff mechanisms of river basins [4–7]. The effects of LUCC on
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hydrological processes vary based on unique site characteristics. For example, the presence of forest is
related to the occurrence of different hydrological functions under a region’s unique climate, soil type,
geomorphology, and topography [8–11].

The U.S. Geological Survey (USGS) identified the study of ‘land use and land cover change rates,
causes, and consequences’ (including their effect on hydrological processes) as one of its seven major
goals in its 2013 Climate and Land Use Change Science Strategy, which is to be implemented over a period
of 10 years. Moreover, Future Earth—a global platform sponsored by the International Council for
Science (ICSU), the International Conference on Sustainability Science (ICSS), and other international
organizations—identified a ‘dynamic planet’ theme as one of its three major research areas, which aims
to understand the interactions between natural and social components and their effect on the Earth’s
systems. As a result of these targeted areas of focus, LUCC effects on hydrological processes in river
basins has garnered recent attention and emerged as a critical frontier of international geo-scientific
research [1–4].

Several methods exist for the determination of LUCC effects on hydrological processes in river
basins, including (1) experimental paired-watershed methods, (2) lumped hydrological models,
and (3) distributed hydrological models [12–14]. The experimental paired-watershed method is
typically applied only to small river basins, requires a long-term study period, and has limited
comparability [15]. Lumped hydrological models, which treat the entire river basin as a single unit,
often fail to reflect the variability of river basin parameters and the associated regional differences in
LUCC effects on hydrological processes [16–18]. Physically based distributed (or semi-distributed)
models more accurately reflect the spatial variability of hydrological processes than lumped models
and thus play an important role in interpreting and predicting LUCC effects on hydrological processes
in river basins [19–23]. However, distributed models generally assume that no LUCC occurs during
the simulation period to simplify the computation process.

The soil and water assessment tool (SWAT), supported by the U.S. Department of Agriculture, is an
example of a semi-distributed hydrological model. Because of its open-source code, strong functionality,
and excellent simulation results in multiple watersheds, the SWAT has been applied worldwide [24–26].
When applying the SWAT, the subject river basin is subdivided into multiple hydrologic response units
(HRUs) based on the land use/cover type, soil type, and surface slope. The land use/cover type is
assumed to remain constant throughout the simulation period [27], which limits the ability to interpret
and predict the effects of LUCC on hydrological processes in the subject river basin.

To overcome this limitation, select researchers have divided the entire simulation period into
uniform time intervals (e.g., 5 years intervals) and performed interval simulations using land use/cover
data from a single year within each interval [21–23]. Although this method provides some of the
necessary variability in LUCC, it also complicates the model development and simulation processes
and may fail to reflect year-to-year changes in land use/cover.

This study sought to improve upon these prior efforts. In this study, a modified SWAT (LU-SWAT)
was developed that incorporates annual land use/cover data to simulate LUCC effects on hydrological
processes under different climatic conditions. To validate this approach, this modified model together
with two other conventional SWAT models (SWAT 1 and SWAT 2) based on different land use maps in
different years (2000, the middle year of the study period, and 2009, the last year of the study period)
was applied to the middle reaches of the Heihe River in northwest China.

In northwest China’s arid region, inland river basins form the main hydrological system and
occupy 35% of the total land area of the country. Most of the runoff in this region comes from the
mountains and dissipates in the piedmont basin [24,28]. The Heihe River Basin is a typical inland
river basin and is the second largest river basin in northwest China. The entire runoff of the Heihe
River Basin dissipates in its middle reaches, which is also the region most affected by human activity.
The ecosystem of the Heihe River Basin is presently at risk [29]. Before 2000, a number of human
disturbances, including deforestation, overgrazing, and urbanization, caused drastic changes in the
Heihe River Basin’s land use/cover, destabilizing its entire ecosystem. For example, some downstream
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terminal lakes disappeared as the groundwater table in the basin’s middle reaches dropped [28].
Since 2000, China has implemented a series of environmental protection measures, such as reforestation
and regrassing of farmland, causing further spatial and temporal LUCC in the Heihe River Basin.
These changes have affected the basin’s hydrological cycle in a very complex and multifaceted way [9].

Finding an effective means for studying LUCC effects on the hydrological processes in the middle
reaches of the Heihe River is particularly crucial for this region. However, the results of this study
will more generally reveal how LUCC affects hydrological processes in the water consumption areas
of inland river basins in arid regions, providing a scientific basis for the effective management and
sustainable use of all inland river basin water resources.

2. Materials and Methods

2.1. Study Area

The middle reaches of the Heihe River are located between the Qilian Mountains and the Beishan
Mountains. After passing through the Yingluoxia hydrometric station, the Heihe River flows through
the plains of the Hexi Corridor, passing through Zhangye City to the Zhengyixia hydrometric station.
Figure 1 shows a map of the Heihe River Basin study area.
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The topography of the middle reaches of the Heihe River slopes from south to north. The terrain
is higher in the south and west and lower in the north and east, with an average altitude of
1400–1700 m. This 185-km section of the Heihe River is a primary area for runoff utilization and
water consumption [24].

The middle reaches of the Heihe River experiences abundant heat and sunlight, making it suitable
for crop growth and agricultural development. This region is designated as an irrigated agro-economic
zone. Approximately 61% of the soil in this region is grey-brown desert soil. Other soil types in
this region include chestnut soil, light chestnut soil, brown desert soil, desert sandy soil, and a small
number of azonal soils, such as anthropogenic-alluvial soil, meadow soil, and marsh soil [29].

Due to the impact of human activity, many irrigation oases are distributed throughout the
piedmont alluvial fan and alluvial plain in the lower middle reaches and upper river basin, respectively,
forming a landscape dominated by artificially grown vegetation [9]. Precipitation in the plains is
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high in the east (~250 mm) and low in the west (≤50 mm) [29]. According to the Köppen Geiger
classification, the climate in the study area is BSK (cold semi-arid).

2.2. Land Use/Cover Data Acquisition

To support this study, annual land use/cover data—in the form of Landsat Thematic Mapper
(TM) images—were obtained for the middle reaches of the Heihe River from 1990 to 2009.

Using a 1:50,000 topographic map as the datum and the Albers projection, the remote sensing
images were geometrically corrected using a quadratic polynomial model. The interpretation
keys of the remote sensing images were established using land use maps and observed data
(we have 30 ground control points to check the accuracy) corresponding to the same period.
Next, supervised human-machine classifications and image interpretations were performed using
ArcGIS 10.0 (ESRI, Redlands, CA, USA) and ENVI 5.1 (Harris Geospatial Solutions, Inc., Broomfield,
CO, USA) image processing software, and the results were compared with land use maps of the study
area for the corresponding period. On-site verification revealed that the qualitative accuracy of the data
classification exceeded 95%. Compared with the existing land use maps of the study area, the kappa
coefficients of the interpreted land use maps in this study are all over 0.93.

Finally, based on China’s Land Use Classification System and the land use classification system used
by the SWAT, the land use categories selected for use in this study included farmland, forest, grassland,
water, residential, and bare land.

2.3. Conventional SWAT Assessment

The conventional SWAT is a semi-distributed hydrological model that first subdivides the entire
river basin into a number of sub-basins based on factors, such as topography and river-network
distribution [27]. Next, the SWAT further subdivides the sub-basins into HRUs based on the land
use classifications, soil classifications, and terrain slopes in the river basin. The land use/cover in
the study area is assumed to remain constant throughout the simulation period. For each individual
HRU, a conceptual model is used to estimate its precipitation, runoff, sediment, and other factors.
After completing these calculations, river confluence calculations are made [27].

Based on the water balance principle, the SWAT calculates the water volume as follows [27]:

St = S0 +
t

∑
i=1

(
Rday − Qsur f − Et − Sseep − Qgw

)
,

where St is the soil water content (mm), S0 is the initial soil water content (mm), t is the total simulation
time (days), Rday is the precipitation on day i (mm), Qsurf is the surface runoff on day i (mm), Et is the
actual ET rate on day i (mm), Sseep is the soil permeability on day i (mm), and Qgw is the baseflow (mm).

2.4. Conventional SWAT Modification

In the conventional SWAT, HRUs are the basic computation elements, each with a commonly
defined land use, soil type, and slope. An individual HRU consists of multiple grid units that can be
spatially adjacent or apart from one another. The number, surface areas, and spatial locations of HRUs
are determined based on the combined number, surface areas, and spatial locations of patches on the
land use, soil type, and slope maps.

In the present study, the soil type and slope data used to generate HRUs remained constant,
whereas the land use data changed from year to year. To incorporate annual land use/cover data in
the conventional SWAT (via a modified SWAT or LU-SWAT), the number, surface areas, and spatial
locations of the HRUs generated from the multi-year land use/cover data must remain unchanged.
To ensure that this condition is met in the LU-SWAT, the land use datasets for each year in the study
period are spatially superimposed (based on successive years) to generate a land use overlay map and
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obtain its corresponding attribute table showing each patch number and its corresponding attribute
(e.g., land use type) for each year prior to generating the HRUs.

The spatially superimposed land use map is next superimposed with the soil type and terrain
slope maps. During this superimposition process, the annual land use types corresponding to each
patch listed in the attribute table are invoked by year to generate annual HURs. By matching the
original land use maps for each year to their corresponding superimposed maps, the number, surface
areas, and locations of patches for each year remain identical, but the patch attributes (e.g., land use
types) may vary from year to year. Concurrently, the number, surface areas, and spatial distributions
of the previously generated HRUs for each year remain constant, enabling the SWAT to carry out
subsequent calculations based on land use changes. Figure 2 shows this modified HRU generation
process based on the annual land use/land cover (LULC) maps.

Sustainability 2018, 10, x FOR PEER REVIEW    5  of  19 

The spatially superimposed land use map is next superimposed with the soil type and terrain 

slope maps. During this superimposition process, the annual land use types corresponding to each 

patch  listed  in  the attribute  table are  invoked by year  to generate annual HURs. By matching  the 

original land use maps for each year to their corresponding superimposed maps, the number, surface 

areas, and locations of patches for each year remain identical, but the patch attributes (e.g., land use 

types) may vary from year to year. Concurrently, the number, surface areas, and spatial distributions 

of the previously generated HRUs for each year remain constant, enabling the SWAT to carry out 

subsequent calculations based on land use changes. Figure 2 shows this modified HRU generation 

process based on the annual land use/land cover (LULC) maps. 

 

Figure  2. Modified  hydrological  response  unit  (HRU)  generation  process  based  on  annual  land 

use/land cover (LULC) maps. 

In  addition  to  modifying  the  HRU  generation  process  in  the  conventional  SWAT,  its 

computation  flow  also  required  modification.  The  conventional  SWAT  performs  parameter 

initialization on a daily cycle, which prevents the use of annual land use data. Unlike the conventional 

SWAT model,  the  LU‐SWAT  runs  the  yearly  loop  subroutine  prior  to  parameter  initialization, 

allowing the current year’s data (HRUs) to be input prior to initializing the parameters and running 

the daily loop subroutine. After the last day in a year has been simulated, results are saved in a file 

and used as  input data for the subsequent year. Specifically, the data are reloaded and  initialized 

with the corresponding initialization parameters, and the daily loop subroutine is run again. If the 

preceding year of the current input year is the last year of the simulation period, the simulation is 

finished. Figure 3 compares  the computation  flows of  the conventional SWAT and  the LU‐SWAT 

developed in this study. 

   

(a)  (b) 

Figure 3. Comparative computation flows: (a) Conventional SWAT and (b) proposed LU‐SWAT. 

To  implement  this modified  computation  flow,  the  conventional  SWAT  code was  rewritten 

using Fortran language in the Microsoft Visual Studio 2010 programming environment (Rev. 635). 

Figure 2. Modified hydrological response unit (HRU) generation process based on annual land
use/land cover (LULC) maps.

In addition to modifying the HRU generation process in the conventional SWAT, its computation
flow also required modification. The conventional SWAT performs parameter initialization on a
daily cycle, which prevents the use of annual land use data. Unlike the conventional SWAT model,
the LU-SWAT runs the yearly loop subroutine prior to parameter initialization, allowing the current
year’s data (HRUs) to be input prior to initializing the parameters and running the daily loop
subroutine. After the last day in a year has been simulated, results are saved in a file and used
as input data for the subsequent year. Specifically, the data are reloaded and initialized with the
corresponding initialization parameters, and the daily loop subroutine is run again. If the preceding
year of the current input year is the last year of the simulation period, the simulation is finished.
Figure 3 compares the computation flows of the conventional SWAT and the LU-SWAT developed in
this study.
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To implement this modified computation flow, the conventional SWAT code was rewritten
using Fortran language in the Microsoft Visual Studio 2010 programming environment (Rev. 635).
After successful code modification and compilation, the original SWAT.exe file was replaced with a
new executable file.

2.5. Conventional and Modified SWAT Application

To validate this approach, the modified SWAT or LU-SWAT together with two other conventional
SWAT models based on different land use maps in different years (2000 and 2009) were applied to the
middle reaches of the Heihe River in northwest China. To develop the hydrological model for this
region, soil type data was obtained from a 1:1,000,000 soil map of Gansu Province. A digital elevation
model (DEM) with a spatial resolution of 30 × 30 m provided topographic data. To account for the
impact of human activity on the river network, supplemental topographic survey data digitized from
a 1:100,000 topographic map was used to adjust the DEM’s river channel data.

Meteorological data, including the precipitation, temperature, wind speed, relative humidity,
and sunshine duration, were obtained from the Cold and Arid Regions Science Data Centre
(http://westdc.westgis.ac.cn). These data were measured at 12 meteorological stations in the Heihe
River Basin, including the Gaotai, Jinta, Jiuquan, Linze, Minyue, Shandan, Sunan, Zhangye, Qilian,
Tuolei, Yeniugou, and Yongchang stations.

Because the middle reaches of the Heihe River offer abundant sunlight, rich natural resources,
and a flat topography, approximately 97.6% of the entire Heihe River Basin’s population and
98.5% of the cultivated land in the upper and middle reaches are concentrated here. As such,
agricultural (farmland) management measures and domestic water consumption in the study area
were deemed important to this study. Farmland management data included irrigation measures and
cultivation/harvesting times in the river basin. In the middle reaches of the Heihe River, the amount
of water used for irrigation and the corresponding water sources vary among the different irrigational
districts. The proposed LU-SWAT accounts for this time and spatial heterogeneity when defining the
irrigation measures because of the dynamic HRUs. The two other conventional SWAT models only
account for spatial heterogeneity in the irrigation.

2.6. Simulation Evaluation

The validity of the proposed LU-SWAT in this application was evaluated using the Nash-Sutcliffe
efficiency (NSE) parameter, percent bias (PBIAS), and the ratio of the root mean square error (RSME) to
the standard deviation of observations (RSR) [30]. The NSE parameter ranges from −∞ to 1. An optimal
NSE value of 1 indicates good model performance and high model credibility. As the NSE value
approaches 0.5, the simulation results approach the average observed values, indicating satisfactory
model performance. Similarly, PBIAS values ranging from −10% to 10% indicate good model
performance. Finally, smaller RSR values indicate better model performance. An existing research [30]
details the calculation processes and significance of these three simulation evaluation parameters.

3. Results and Discussion

3.1. Historic Land Use/Cover Changes in the Heihe River Basin

Table 1 shows the land areas by use type in the middle reaches of the Heihe River measured
annually from 1990 to 2009. Farmland, forest, grassland, and bare land consistently accounted for
most of the land area in this region. From 1990 to 2009, farmland, forest, and urban areas all showed
increasing trends. Urban areas developed most rapidly and extensively, doubling in surface area
over this period. However, urban areas accounted for only a small portion of the total study area.
Forest areas also grew steadily, increasing in surface area by 55.70% over this period. Figure 4 shows
the land use changed and no changed area of the study region from 1990 to 2009. It is obvious that
most of the study area experienced land use changes in this 20-year period.

http://westdc.westgis.ac.cn


Sustainability 2019, 11, 1072 7 of 18

Table 1. Land areas by use type in the middle reaches of the Heihe River from 1990 to 2009 (units: km2).

Year Farmland Forest Grassland Water Urban Bare land

1990 3812.58 2766.74 7590.15 585.397 325.22 9936.87
1991 3847.61 2791.93 7492.58 570.387 375.295 9939.16
1992 3887.59 2859.44 7385.07 725.492 415.322 9744.04
1993 3932.6 2911.93 7292.58 650.441 442.807 9786.60
1994 3975.11 2981.93 7277.57 612.916 495.302 9674.14
1995 4015.22 3049.43 7170.06 567.885 525.309 9689.05
1996 4057.32 3110.02 7094.67 647.96 578.102 9528.89
1997 4105.41 3200.05 6999.68 685.465 620.604 9405.75
1998 4145.18 3285.07 6907.18 692.97 688.109 9298.45
1999 4187.21 3355.11 6889.67 682.963 728.116 9173.89
2000 4218.52 3410.63 6897.18 680.461 758.122 9052.05
2001 4230.22 3530.16 6881.83 670.455 783.133 8921.16
2002 4245.24 3662.69 6882.17 667.953 838.136 8720.78
2003 4268.63 3795.21 6867.16 682.963 843.139 8559.86
2004 4283.55 3835.24 6864.65 685.465 868.156 8479.90
2005 4305.31 3972.76 6842.14 682.963 888.17 8325.62
2006 4319.42 4015.29 6837.14 672.956 928.177 8243.98
2007 4335.11 4147.81 6824.63 670.455 955.682 8083.28
2008 4358.22 4277.83 6827.13 662.949 983.187 7907.64
2009 4376.22 4307.85 6819.62 667.953 1005.69 7839.62
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Implementation of the Heihe Water Diversion Project (HWDP) and the farmland reforestation
and regrassing measures in 2000 directly affected land use and cover in this region. From 1990 to 2000,
farmland and water areas increased by 10.65% and 16.24%, respectively. Grassland and bare land areas
decreased over this same period; grassland areas decreased by 9.13%. From 2000 to 2009, farmland
areas continued to increase, but at a much slower rate of 3.45% and water areas gradually decreased
by 0.37%. In response to the reforestation and regrassing measures implemented in 2000, grassland
areas continued to decrease, but at a much slower rate of 0.90%.

Spatial overlay analysis of the land use data in the middle reaches of Heihe River revealed that
the significant land use conversion trends from 1990 to 2009 were from grassland to farmland and
from bare land to forest. From 2001 to 2009, a single significant land use conversion trend from bare
land to forest was observed in the study area.

3.2. Calibration and Validation of the Models

In this study, the HRU area ratio (land use percentage) was set to 2%. For the LU-SWAT model,
the number of HRUs is 100,168. For SWAT 1 and SWAT 2, the number is 2314 and 2540, respectively.
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The LU-SWAT has more HRUs than the conventional SWAT model, which is due to the use of the
overlaid land use map in LU-SWAT, which has more patches than the single year land use maps.
The large numbers of HRUs may lead to model complexity.

The conventional SWAT and proposed LU-SWAT are based on the same physical processes.
As such, the sensitivities of their respective model parameters were assumed as consistent.
This assumption enabled the use of the conventional SWAT to support the calibration of the proposed
LU-SWAT. We set 1988–1989 as the initial period for model initialization, 1990–2000 as the calibration
period, and 2000–2009 as the validation period. Referring to the existing study [31], a sensitivity
analysis was performed using the conventional SWAT and was based on 22 parameters related
to the water cycle process. Table 2 shows the results of the model parameter sensitivity analysis,
where t is the sensitivity of each parameter (as |t| increases, the parameter sensitivity increases),
and p is the statistical significance of the parameter sensitivity (as p approaches 0, the parameter
sensitivity increases.

The 10 most sensitive model parameters from Table 2 were selected for use in the initial calibration
of the proposed LU-SWAT. These include the effective hydraulic conductivity of the main channel
alluvium (CH_K2), initial Soil Conservation Service (SCS) runoff curve number for moisture condition
II (CN2), baseflow recession constant (ALPHA_BF), Manning’s n value for the main channel (CH_N2),
threshold water level in the shallow aquifer for the base flow (GWQMN), melt factor on 21 December
(SMFMN), groundwater revaporization coefficient (GW_REVAP), delay time for the aquifer recharge
(GW_DELAY), snowfall temperature (SFTMP), and snow temperature lag factor (TIMP).

Table 2. Initial model parameter sensitivity analysis results using the conventional SWAT.

Hydrological Parameter t p

ESCO Soil evaporation compensation coefficient 0.39 0.86
CANMX Maximum canopy storage −0.41 0.85

HRU_SLP Average slope of the sub-basin 0.44 0.81
RCHRG_DP Aquifer percolation coefficient 0.49 0.78

SURLAG Surface runoff lag coefficient 0.52 0.76
OV_N Manning’s n value for overland flow −0.55 0.68
EPCO Plant uptake compensation factor 0.6 0.67

BIOMIX Biological mixing efficiency −0.63 0.63
SLSUBBSN Average slope length 0.64 0.6

SMTMP Snow melting accumulated temperature 1.86 0.06
SMFMX Melt factor on 21 December −0.74 0.41

REVAPMN Threshold water level in shallow aquifer for revaporization 0.92 0.37
TIMP Snow temperature lag factor 0.97 0.34

SFTMP Snowfall temperature −0.99 0.32
GW_DELAY Delay time for aquifer recharge 1.02 0.31
GW_REVAP Groundwater revaporization coefficient −1.15 0.25

SMFMN Melt factor on 21 December −1.37 0.17
GWQMN Threshold water level in shallow aquifer for base flow 0.7 0.45
CH_N2 Manning’s n value for the main channel −2.49 0.01

ALPHA_BF Baseflow recession constant 6.11 0
CN2 Initial Soil Conservation Service (SCS) runoff curve number for moisture condition II 8.59 0

CH_K2 Effective hydraulic conductivity of main channel alluvium −14.09 0

Note: For each parameter, t is the sensitivity (as |t| increases, parameter sensitivity increases), and p is the statistical
significance of the sensitivity (as p approaches 0, parameter sensitivity increases.

The calibration process for a hydrological model is not as simple as fitting the selected parameters
to observed data. Rather, based on a comprehensive consideration of the river basin characteristics,
the simulated data is closely calibrated to fit the observed data, without exceeding a reasonable range of
parameter values. In this study, a two-step process was followed: (1) A reasonable range of parameter
values was defined based on the existing research of the Heihe River Basin and (2) a subsequent
multi-step manual calibration method [27] was followed. The ranges of the 10 parameters are listed in
Table 3.
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Table 3. Ranges of the calibrated parameters.

Parameters Max Value Min Value

TIMP v 1 0.01
SFTMP v 0.5 1.5

GW_DELAY v 0 300
GW_REVAP v 0.2 0.02

SMFMN v 10 0
GWQMN v 150 350
CH_N2 v 0.2 0.01

ALPHA_BF v 0.30 0.00
CN2 r 0.50 −0.50

CH_K2 v 300 0
v Parameter value is replaced by a given value; r Parameter value is multiplied by (1 + a given value).

The SWAT 1 and SWAT 2 models were calibrated using observed runoff data at the Zhengyixia
station based on the parameters listed in Table 3 according to the existing study [27]. The proposed
LU-SWAT uses annual land use/cover data to reflect the LUCC effects on model parameters,
this study used a subsequent dynamic parameter calibration method following initial parameter
calibration to match the various land use data with the optimal parameter combinations. Of the
10 most sensitive model parameters identified in the initial calibration of the LU-SWAT, only four of
these parameters (CH_K2, CN2, ALPHA_BF, and GW_REVAP) were potentially affected by LUCC.
These four parameters were subsequently selected for calibration of the LU-SWAT, while all other
parameter values remained unchanged. Ultimately, 20 sets of optimal parameters were identified
based on LU-SWAT simulations that considered annual land use/cover data from 1990 to 2009 and
that were corrected using runoff data measured at the Zhengyixia station. The calculation time of
the SWAT 1 and SWAT 2 were about 20–25 s (10 years) and for the LU-SWAT model, the time was
2.5–3 min.

Figure 5 compares the estimated and observed monthly runoff in the middle reaches of the
Heihe River based on simulations from the proposed LU-SWAT, SWAT 1, and SWAT 2 following
calibration and measurements from the Zhengyixia station. Figure 6 presents the same comparisons
for the annual runoff in the region. Simulated results from the proposed LU-SWAT were generally
consistent in both magnitude and direction when compared with the measured data, demonstrating its
validity for broader applications. The performance of the SWAT 1 and SWAT 2 models was sufficient,
but their NSE values are lower and RSR values are higher than the LU-SWAT model.Sustainability 2018, 10, x FOR PEER REVIEW    10  of  19 
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Figure 5. Estimated and observed monthly runoff in the middle reaches of the Heihe River based on
LU-SWAT simulations and Zhengyixia hydrometric station measurements.
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For the LU-SWAT, the NSE are higher and RSR are lower than SWAT 1 and SWAT 2, and the
PBIAS are all between −10% and 10%. That means the performance of the LU-SWAT was the best.
Relative to the SWAT 1 and SWAT 2, the proposed LU-SWAT achieved NSE values of 0.75 and 0.82,
PBIAS values of 4.43% and 4.43%, and RSR values of 0.50 and 0.42 in the calibration period when
simulating the monthly and annual runoff in the middle reaches of the Heihe River, respectively.
Additionally, NSE values of 0.72 and 0.80, PBIAS values of 7.97% and 7.97%, and RSR values of
0.53 and 0.45 in the calibration period when simulating the monthly and annual runoff were found.
For the LU-SWAT model, NSE, RSR, and PBIAS values were better for the calibration periods than
the validation periods. Table 4 summarizes these results, which are possibly due to the fact that the
LU-SWAT accounted for the time and spatial heterogeneity in LUCC and irrigation, whereas SWAT 1
and SWAT 2 only used one-year land use data. In addition, the performance of SWAT 1 and SWAT 2
were similar.

Sustainability 2018, 10, x FOR PEER REVIEW    10  of  19 

 

Figure 5. Estimated and observed monthly runoff in the middle reaches of the Heihe River based on 

LU‐SWAT simulations and Zhengyixia hydrometric station measurements. 

 

Figure 6. Estimated and observed annual runoff in the middle reaches of the Heihe River   

Table 4. Evaluation parameters for SWAT 1, SWAT 2, and LU‐SWAT when simulating monthly and 

annual runoff in the middle reaches of the Heihe River. 

  SWAT 1  SWAT 2  LU‐SWAT  [32]  [33] 

Monthly 

NSE 
Calibration  0.63  0.58  0.75  0.63  0.75 

Validation  0.69  0.68  0.72  0.60  0.70 

PBIAS 
Calibration  −8.97  −4.71  4.43  Na  Na 

Validation  5.05  10.70  7.97  Na  Na 

RSR 
Calibration  0.61  0.65  0.50  0.61  0.50 

Validation  0.56  0.57  0.53  0.77  0.55 

Yearly  NSE 
Calibration  0.70  0.77  0.82  Na  Na 

Validation  0.77  0.75  0.80  Na  Na 

0

20

40

60

80

100

120

140

160

180

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

M
on

th
ly

 R
un

of
f（

cm
s）

Year

LU-SWAT Observed SWAT1 SWAT2

Calibration period

0

5

10

15

20

25

30

35

40

45

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Y
ea

rl
y 

R
un

of
f（

cm
s）

Year

LU-SWAT Observed SWAT1 SWAT2

Validation period 

Validation period 

Calibration period 

Figure 6. Estimated and observed annual runoff in the middle reaches of the Heihe River.

Table 4. Evaluation parameters for SWAT 1, SWAT 2, and LU-SWAT when simulating monthly and
annual runoff in the middle reaches of the Heihe River.

SWAT 1 SWAT 2 LU-SWAT [32] [33]

Monthly

NSE
Calibration 0.63 0.58 0.75 0.63 0.75

Validation 0.69 0.68 0.72 0.60 0.70

PBIAS
Calibration −8.97 −4.71 4.43 Na Na

Validation 5.05 10.70 7.97 Na Na

RSR
Calibration 0.61 0.65 0.50 0.61 0.50

Validation 0.56 0.57 0.53 0.77 0.55

Yearly

NSE
Calibration 0.70 0.77 0.82 Na Na

Validation 0.77 0.75 0.80 Na Na

PBIAS
Calibration −8.97 −4.71 4.43 Na Na

Validation 5.05 10.70 7.97 Na Na

RSR
Calibration 0.55 0.48 0.42 Na Na

Validation 0.48 0.59 0.45 Na Na
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When compared with the existing research of the middle reaches of the Heihe River [32,33],
the proposed LU-SWAT also outperformed the conventional SWAT model (Table 4): The NSE value
increased 0%–20% and the RSR value decreased by about 0%–31%. In addition, the calibration and
validation period (5 years) in the previous research were shorter than that in this study. The runoff
measured at the Zhengyixia station is mainly affected by agricultural irrigation in the middle reaches
of the Heihe River. The annual water volume used for agricultural irrigation is in turn affected by
the farmland surface area and annual crop varieties. Unlike the conventional SWAT, the LU-SWAT
proposed in this study incorporates both annual land use/cover data and detailed annual agricultural
irrigation data for different irrigation districts and crops in the HRUs. As noted previously, agricultural
irrigation is an important factor affecting this region’s water cycle. By incorporating detailed
agricultural irrigation data and accounting for inherent spatial variation, the proposed LU-SWAT
provided better simulation of the runoff in the middle reaches of the Heihe River.

The proposed LU-SWAT was next applied more broadly to estimate various hydrological
parameters over time (from 1990 to 2009). Table 5 summarizes these simulation results. The variations
in the surface runoff, groundwater runoff, lateral flow, infiltration, and ET differed from that of the
precipitation. The hydrological processes in the middle reaches of the Heihe River are primarily
affected by human activity (e.g., agricultural irrigation) rather than by precipitation.

The recharge of river water in this region occurs primarily through groundwater runoff and
lateral flow; surface runoff recharge is lower, especially during dry years (years with low precipitation).
During wet years, recharge through surface runoff increases. The conventional SWAT model reflects
this by using the SCS runoff curve number method to compute surface runoff. In addition, the total
water yield in the middle reaches of the Heihe River accounts for only a small proportion of the total
rainfall. These water consumption characteristics are consistent with the hydrological characteristics
of inland river basins in northwest China’s arid region [28,34].

Table 5. Hydrological parameters in the middle reaches of the Heihe River from 1990 to 2009 estimated
using the proposed LU-SWAT (units: mm).

Year Precipitation Surface Runoff Lateral Flow Groundwater Runoff ET Total Water Yield

1990 206.48 6.23 9.35 17.78 231.60 33.36
1991 149.23 1.94 3.60 15.62 182.41 21.16
1992 207.28 2.67 3.68 12.71 209.88 19.06
1993 249.87 9.30 15.17 15.40 233.35 39.87
1994 181.93 2.89 4.16 17.34 201.64 24.39
1995 202.70 3.71 6.05 16.97 213.05 26.73
1996 204.41 6.39 11.87 14.82 201.89 33.09
1997 133.55 2.23 2.84 14.21 180.64 19.28
1998 250.29 15.75 14.54 13.71 233.54 44.00
1999 172.33 5.16 6.84 13.91 198.09 25.91
2000 206.68 4.11 6.71 13.03 221.00 23.85
2001 168.84 3.19 4.59 12.62 186.43 20.40
2002 212.57 7.46 12.17 14.21 211.77 33.85
2003 234.08 10.06 18.68 15.19 206.02 43.93
2004 161.14 7.65 7.06 11.75 206.73 26.47
2005 229.29 11.22 14.87 14.52 226.26 40.61
2006 137.35 11.27 18.39 16.06 166.46 45.72
2007 247.77 13.39 20.08 14.77 209.73 48.24
2008 178.13 9.75 18.11 17.14 203.00 45.00
2009 143.54 11.19 15.46 15.04 170.00 41.69

3.3. Land Use/Cover Change Effects on the Hydrological Processes in the Heihe River Basin

Following the initial calibration and validation of the proposed LU-SWAT, the model was used
to simulate the effects of LUCC on hydrological processes in the middle reaches of the Heihe River.
The control variable method was used to eliminate any confounding climatic factor effects on the
hydrological processes.
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Prior to simulation, climatic conditions in this region were classified as dry, wet, and normal
based on annual precipitation volumes (listed previously in Table 5). From 1990 to 2009, 1997, 1998,
and 1995 were identified as representative dry, wet, and normal years, respectively, with corresponding
precipitations of 133.55, 250.29, and 202.70 mm. Climatic data (precipitation, temperature, relative
humidity, wind speed, and solar radiation in this model) was combined with irrigation data for the
middle reaches of the Heihe River, and inflow runoff data from the Yingluoxia station in the upper
reaches of the Heihe River for these three years to simulate the runoff at the Zhengyixia station in
the middle reaches of the Heihe River from 1990 to 2009. Based on these simulations, the effects
of LUCC on the river basin hydrological processes under dry, wet, and normal climatic conditions
were determined.

Figures 7–9 show the variations over time (from 1990 to 2009) in the annual surface runoff,
lateral flow, groundwater runoff, ET volume, and total water yield in the middle reaches of the
Heihe River under dry, wet, and normal climatic conditions, respectively.
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As described previously in Section 3.1, the extent of land use conversion was lower from 2001
to 2009 than from 1990 to 2000 because of the HWDP and farmland reforestation and regrassing
measures. Implementation of the HWDP and farmland reforestation and regrassing measures in 2000
also directly affected the hydrological processes in the region. Similar to the land use conversion
trends, the magnitudes of changes in the estimated hydrological parameters were lower from 2001 to
2009 than from 1990 to 2000. Despite this variation before and after 2000, the overall trends for the
hydrological parameters were consistent over time (from 1990 to 2009). As such, this study considered
the overall changes in hydrological parameters from 1990 to 2009.

Under dry conditions, surface runoff, groundwater runoff, and total water yield showed
decreasing trends over time, while lateral flow and ET volume showed increasing trends. Surface
runoff, groundwater runoff, and total water yield decreased by 75.93%, 45.73%, and 33.74%,
respectively, from 1990 to 2009. Lateral flow and ET volume increased by 99.93% and 35.11%,
respectively, during this same period.

Similar trends over time were observed under wet conditions, but smaller changes in the
hydrological parameters were estimated. Under wet conditions, surface runoff, groundwater runoff,
and total water yield decreased by 23.61%, 11.42%, and 4.23%, respectively, from 1990 to 2009. Lateral
flow and ET volume increased by 30.22% and 13.10%, respectively, during this same period.

Under normal conditions, similar trends over time were again observed, but the magnitudes
of changes in the hydrological parameters differed from those under dry and wet conditions.
Surface runoff, groundwater runoff, and total water yield decreased by 40.44%, 49.55%, and 18.47%,
respectively, from 1990 to 2009. Lateral flow and ET volume increased by 120.21% and 23.60%,
respectively, during this same period.

The primary water consumption zone of the Heihe River Basin lies in the middle reaches of
the Heihe River. The water consumption of this area mainly occurs through agricultural irrigation,
and flooding irrigation, which requires the extraction of large amounts of water from the river and
underground runoff, is the most commonly used method of irrigation in this area. The agricultural
irrigation module in the SWAT model provides a realistic model of flooding irrigation: Water losses
from the water source to the soil (including transfer losses and evaporation losses) are indicated by
the irrigation efficiency. The surface runoff flowing away from the farmlands as a percentage of the
irrigation water is indicated by the “surface runoff ratio”. The remaining water either seeps into the
soil or is evaporated into the air, and the soil water module in the SWAT model is used to model
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the movement of water in the soils. During the irrigation season, large amounts of river water and
underground water are extracted to irrigate the farmlands. A considerable amount of water is not
used by the crops; this water either evaporates into the air, seeps into the soil to form lateral flows,
or seeps through the ground to supplement underground water sources. Therefore, the increase in
evaporation and lateral flows in the basin is mainly caused by the continuous increase of the farmland
area. The effects of this change in farmland area on the surface runoff are relatively small. This is
because the “surface runoff ratio” for agricultural irrigation was set to 0 according to the information
queries that were made during this study; in other words, irrigation water does not flow from the
farmlands into the river via surface runoff. Furthermore, the interception of rainfall by the canopy
of the woodlands will reduce surface runoff. Therefore, the surface runoff of the basin decreases
due to the continuous increase in farmland (in the middle reaches of the Heihe River) and woodland
areas, and the continuous decrease in barren land and grassland areas. Underground runoff in the
middle reaches of the Heihe River is decreasing over time, because river water and varying amounts
of groundwater are being extracted for agricultural irrigation in the irrigation zones of this area; this is
compounded by the increase in farmland area over time.

Therefore, the increase in farmland area is the main cause of the increase in lateral flows and
evaporation in the middle reaches of the Heihe River. The increase in woodland area and the continuous
decrease in barren land and grassland areas are the main reasons for the decrease in surface runoff.
The increase in farmland area and the corresponding increase in irrigation water are the main causes of
the decrease in underground runoff. Furthermore, it may be observed that the decrease in underground
runoff is the greatest in drought and normal rainfall conditions. This is because very large amounts of
water are still being extracted from groundwater sources and the river during drought and normal
rainfall conditions. Since the amount of rainfall in these conditions is less than that in wet conditions,
the groundwater sources do not receive a large amount of replenishment. Therefore, the significant
decrease in underground runoff during drought and normal rainfall conditions may be attributed to
the aforementioned causes.

As shown in Figures 7–9, changes in the hydrological processes in the middle reaches of the
Heihe River were most evident under dry and normal climatic conditions. This finding concurrently
indicates that LUCC has a greater effect on the hydrological processes in this region under dry and
normal conditions.

Figure 10 shows the spatial heterogeneity and spatial-time variation of the hydrological
parameters in the study area from 1990 to 2009 during dry climate conditions. Surface runoff,
in sub-basins No. 6, 7, 9, 13, 16, 18, 28, 35, 41, and 78, shows a clear decline for the period from
1990 to 2009. In these sub-basins, the areas of bare land decreased, which is possibly indicative of
the main reason that causes a decrease in the surface runoff in the entire watershed. Groundwater
increased in sub-basins 13, 29, 35, 41, 52, and 62. In these sub-basins, we observed an increase in
farmland area, while in sub-basins 6, 7, 9, 28, 37, 50, 57, and 78, groundwater decreased for the
period from 1990 to 2009. In these sub-basins, we observed a decrease in bare land area. Lateral flow
increased in sub-basins 13, 41, 53, and 62. In these sub-basins, we observed an increase in farmland
area. This may indicate that the main cause of increased lateral flow in the entire watershed is the
increase in farmland. We observed increased ET in sub-basins 13, 18, 29, 53, and 62, as well as other
sub-basins with increased areas of farmland. Areas of bare land decreased in sub-basins 6, 7, 9, and 28,
as well as other sub-basins, which are all characterized by decreasing ET. The main land use change
that impacts hydrological processes in the study area is the increasing amount of farmland and the
decreasing amount of bare land.
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Similar studies using the SWAT model reveal the impacts that LUCC has on hydrological processes.
However, these studies may fail to reflect year-to-year changes in land use/cover. Some studies [23,33]
divided entire simulation periods into uniform time intervals (e.g., 5-yr intervals) and performed
interval simulations using land use/cover data from a single year within each interval. An existing
study [35] found that, in the SWAT model, HRUs are lumped together and there is no interaction
among HRUs in one sub-basin. Therefore, they improved the SWAT model to allow the distribution of
HRUs. In this study, HRUs were also lumped, but we have divided large numbers of HRUs based on
patches in the overlain multiple year land use maps, which may reduce the defects of lumped HRUs.
However, future research requires the true HRU position to avoid defects from the lumped HRUs.
Moreover, the number of HRUs in our study is high compared with similar studies. This may add
more complexity to hydrological modeling and require more effort to calibrate the model. Setting a
proper HRU threshold is a necessary step to solve these problems.

4. Conclusions

In conventional distributed or semi-distributed hydrological models, such as the SWAT,
land use/cover type is assumed to remain constant throughout the simulation period, which limits
the ability to interpret and predict the effects of LUCC on hydrological processes in a river basin.
To overcome this limitation, a modified SWAT (LU-SWAT) was developed that incorporates annual
land use/cover data to simulate LUCC effects on hydrological processes under different climatic
conditions. To validate this approach, this modified model was applied to the middle reaches of the
Heihe River in northwest China. Key findings from this efforts are as follows.

• Implementation of the HWDP and farmland reforestation and regrassing measures in 2000 directly
affected land use and cover in this region. From 1990 to 2000, farmland areas increased by 10.65%
while grassland areas decreased by 9.13%. From 2000 to 2009, farmland areas continued to
increase and grassland areas continued to decrease, but at much slower rates of 3.45% and 0.90%,
respectively. Primary land use changes in the study area were from grassland to farmland and
from bare land to forest.

• From 1990 to 2009, surface runoff, groundwater runoff, and total water yield showed decreasing
trends, while lateral flow and ET volume showed increasing trends under dry, wet, and normal
conditions. Under dry, wet, and normal conditions, surface runoff decreased by 75.93%, 23.61%,
and 40.44%; groundwater runoff decreased by 45.73%, 11.42%, and 49.55%; and total water yield
decreased by 33.74%, 4.23%, and 18.47%; respectively. Lateral flow increased by 99.93%, 30.22%,
and 120.21%; and ET volume increased by 35.11%, 13.10%, and 23.60%; respectively. Changes in
the various hydrological parameters were most evident under dry and normal climatic conditions.

• The increase in farmland area is the main cause of the increase in lateral flows and evaporation
in the middle reaches of Heihe River. The continuous decrease in barren land and grassland
areas are the main reasons for the decrease in surface runoff. The increase in farmland area
and the corresponding increase in irrigation water are the main causes of the decrease in
underground runoff.

• Based on the existing research of the middle reaches of the Heihe River and the performance
of SWAT 1 and SWAT 2, the modified LU-SWAT developed in this study outperformed the
conventional SWAT when predicting the effects of LUCC on the hydrological processes of river
basins. Relative to the conventional SWATs, the proposed LU-SWAT achieved NSE values of 0.75
and 0.82, PBIAS values of 4.43% and 4.43%, and RSR values of 0.50 and 0.42 in the calibration
period and NSE values of 0.72 and 0.80, PBIAS values of 7.97% and 7.97%, and RSR values of
0.53 and 0.45 in the validation period when simulating monthly and annual runoff in the middle
reaches of the Heihe River, respectively.

The results of this study substantially contribute to the state of knowledge regarding LUCC effects
on river basin hydrologic processes. The results of this study also advance the state of practice for
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hydrologic assessments through the development and validation of a modified SWAT (LU-SWAT) that
incorporates annual land use/cover data to simulate LUCC effects on hydrological processes under
different climatic conditions. Future research will consider opportunities to enhance or more widely
apply the LU-SWAT.
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