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Abstract

The Zhanghe Reservoir in Yangtze River basin plays a key role in fulfilling the crop water requirements of the irriga-
tion area in its downstream region. This study employs the SWAT (Soil and Water Assessment Tool) model to simulate
the variations of Zhanghe Reservoir inflow. The model performed well at monthly timescale, with the values of both
NSE and R? above 0.7. The land use distribution and the structure changes in 1990, 2000, and 2015 are employed to
study the reservoir inflow responses to the land use changes in the contributed basin area. In the historical period
(1990-2000), the streamflow was decreased by 0.4%, accompanied by the reductions of farmland and grassland area,
and the increase of forestry area. The land use scenarios are further designed for considering possible future land use
alterations. The low flow responses to the completely forestry cover for the basin is more obvious to the completely
grassland cover. Accordingly, the further afforestation may aggravate the drought situation due to the low flow reduc-

tion. In addition, the high flow responses are reversed to these two land cover situations. The obtained results are
useful for designing future sustainable development strategies for the region.
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Introduction

The land use/cover in a river basin is dynamically chang-
ing with the evolutions of regional population, climate
changes, and local policies. In the meanwhile, the changes
of land use are also a contributing factor in the regional
or global environmental changes. Therefore, the runoff
responses to land use changes both the regional water
flow conditions and available amount of water resources.
Many studies have reported that the land use plays an
important role in streamflow variations (Han DD 2018).
With a decrease of vegetation cover, in case the soil infil-
tration characteristics are not be changed, the base flow
will be increased (Bruijnzeel 2004). However, this situ-
ation is not favorable to regional sustainability develop-
ment, as the soil texture will be compacted. Bonell et al.
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(2010) indicate that it will induce the decrease of infil-
trated water, and affect groundwater recharge. Bradshaw
et al. (2007) studied the relationship between floods and
forest area changes, and found afforestation is helpful
to reduce the frequency and the severity of floods. Guo
et al. (2008) studied the deforestation of natural forest
over the Poyang Lake in Yangtze River basin, the increase
of monthly and seasonal streamflow is observed during
the flooding season, and the decrease of them is found
during the dry season. Li et al. (2007) pointed out that
the converting of farmland to forest and grassland made
the Daqing River to have a decrease trend of streamflow.
Hao et al. (2015) analyzed the spatial-temporal transfer
characteristics of land use, and used the scenarios of land
use changes to evaluate the streamflow changing trend.
Many researches aimed to understand the underlying
reasons and ways of land use changes, and summarize
the hydro-ecology system responses to land use changes
(Gutman et al. 2004; Gashaw et al. 2018; Sriwongsitanon

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-4245-5997
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40562-020-00155-7&domain=pdf

Chen et al. Geosci. Lett. (2020) 7:6

and Taesombat 2011; Serpa et al. 2015; Zhang et al. 2018;
Han 2018). The obtained results are favorable to regional
ecosystem protection and useful to the flood and drought
prevention and mitigation.

There are mainly three approaches for studying stream-
flow responses to land use changes, namely experiment
study, statistical analysis, and hydrologic modeling (Li
et al. 2016). Experiment study is based on actual opera-
tion experiments and the analysis is performed on the
experimental results. However, it requires the obser-
vations for a very long period. Statistical analysis is a
comprehensive description using some mathematical
methods of statistics, which needs enough hydrologi-
cal data to support it. The hydrological model method is
based on the conservation of water and energy in nature,
taking into account the spatial characteristics, and better
combining the actual situation. Based on geospatial data,
combined with land use and ecological construction, it
can simulate complex hydrological cycle processes and
better reflect the actual situation for a long time period.
The first two approaches are difficult to describe the
spatial responses of runoff to land use change, and the
hydrological modeling could consider natural homogene-
ity and is capable to simulate the complex water cycles.

The distributed hydrological model-Soil and Water
Assessment Tool (SWAT)-was employed in this study.
The SWAT model was developed in 1994 by the Doctor
Jeft Arnold from Agricultural Research Service (USDA)
(Ficklin et al. 2012). The SWAT model was widely
applied with different spatial-temporal scales in differ-
ent watersheds (Park et al. 2011; Govender and Ever-
son 2005). Through the applications, the SWAT model
has been demonstrated to be applicable and have high
capability to study various issues on runoff (Bouraoui
et al. 2005), sediment (Dechmi and Skhiri 2013), water
quality (Dechmi and Skhiri 2013), land use (Hernandez
et al. 2000), among other aspects. With considering the
effective physical mechanism, SWAT model can simulate
the impacts of various land use types on the hydrologi-
cal processes of the basin through incorporating land use
data obtained from remote sensing (Xu and Cheng 2010).

In a long-term period, the Zhanghe Reservoir plays a
key role in fulfilling the irrigation water requirements
for the agricultural land area in Jinzhou, Yichang, and
Jingmen cities, with the total area about 2.6 million
mu, which is the key water sources of Zhanghe irriga-
tion district. The major function of the Zhanghe Reser-
voir is irrigation as the statistical data indicates that the
total water supply for the Zhanghe irrigation district for
the past 6 decades is about 19.8 billion m® (Fang 2004).
In addition, the reservoir has other functions, includ-
ing flood control, shipping, hydro-power generation,
domestic water supply, and touristy (Yang and Lin 1997).
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According to the analysis of historical hydrologic records,
there are 5 extreme drought events in recent years, which
are year 2005, 2011, 2012, 2013, and 2014. The reported
study (Niu and Sivakumar 2014) indicates that the pos-
sible land use changes may have more obvious impacts
on low flow; therefore, the understanding the stream-
flow responses (especially the extreme flow) to land use
changes is necessary for the region. The study on the
streamflow responses to land use changes is an important
step for the forecasting of the reservoir inflow, and will be
useful to promote the sustainable development of social—
economic development of the Zhanghe agricultural irri-
gation district.

The applications of SWAT model have been demon-
strated in many studies. This study employs the SWAT
model to simulate the inflow processes under the land
use changes over the control area of Zhanghe Reservoir.
To this end, we select both NCEP (National Centers for
Environmental Prediction) and CMADS (China Assimi-
lation Driving Datasets for the SWAT) datasets for the
meteorological forgings of the model simulation. The
streamflow responses to land use changes are performed
in 1990, 2000, and 2015, respectively, and the deigned
scenarios of land use changes are also examined.

The variations of reservoir inflow are important issues
to the downstream irrigation district of Zhanghe Res-
ervoir. We need to assess the possible changes in the
studied area. Among it, the land use change is an impor-
tant aspect. The purpose of this study is to examine the
streamflow response to land use changes for both his-
torical period and future period (reflected by possible
land use scenarios). The remaining parts of the paper are
organized as follows. The study area, methods and data
adopted in the present study are first presented in “Study
area” and “Methods” sections, respectively. The reser-
voir inflow processes are simulated, and the streamflow
responses to land use changes are examined and dis-
cussed in “Results” sections. The conclusions are given in
“Discussions” sections.

Study area

The Zhanghe River basin (see Fig. 1) originates San-
jing Village, Nanzhang County in south part of Jinshan
Mountain of the Hubei Province, which is the eastern
tributary of Juzhang River, located in the 111-112° E
and 30-32° N. The total main stream is about 202 km,
from southeast to northwest tilted, with the elevation in
the range of 42-1400 m (Fang 2004) and the total basin
area 2980 km?” Zhanghe Reservoir is located in Zhanghe
Town, Jingmen City, Hubei Province, China. The reser-
voir inflow from the Zhanghe River Basin is about 92.4%
of the total inflow according to the records provided by
Hubei Zhanghe Project Administration Bureau for the
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Fig. 1 The upper reaches of Zhanghe Reservoir in Yangtze River

basin, and its river network, the gauging stations, and basin outlets
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period of 2002-2011. The basin belongs to the subtropi-
cal monsoon climate in the middle reaches of the Yangtze
River. The internal temperature difference is very large
within a year. The most hot seasons are July and August,
and the temperature can reach 40.9 °C. The most cold
seasons are January and February, and the temperature
can reach —19 °C. Annual evaporation is about 700—
1000 m, with monthly maximum 150 mm and monthly
minimum 16.5 mm. Annul long-term precipitation is
about 987.4 mm. There are large precipitation variabili-
ties in both seasonal and spatial scales.

The Zhanghe Reservoir was constructed in 1958, and
completed in the April of 1966. The reservoir capacity
is about 2.13 billion m?, and the control catchment area
is 2212 km? There are several inflow tributaries and the
corresponding outlets. The dominant inflow tributary
is Zhang River, with two hydrological stations, namely
Dagutai (the control area 727 km?) and Cangping (the
control area 402 km?), located in this tributary. The Arc-
gis software was employed to delineate the boundary
of study area based on Digital Elevation Data. We then
collected the land use raster data and soil raster data of
Hubei Province, and extracted them for the study area.
The classification standard of land use types is based
on the National Remote Sensing Monitoring Land Use/
cover classification system. Soil classification is based on
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Fig. 2 Land use maps of the upper reaches of Zhanghe Reservoir in
1990, 2000, and 2015

HWSD database. The Land use/land cover is provided
by the Resource and Environment Data Cloud Platform.
There are mainly five vegetation types over the area (see
Fig. 2). Among it, more than 80% of the total area is cov-
ered by forestry. Soil types are provided by the Harmo-
nized World Soil Database 1.1. There are 9 soil types in
the region (see Fig. 3). The long-term annual average
precipitation for the contributed area in Fig. 1 is about
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1088 mm for the period of 2002-2011. The Zhanghe
Reservoir serves as the incoming water source for the
Zhanghe agricultural irrigation district (the largest irriga-
tion district in Hubei Province). The annual agricultural
water supply is 317.98million m? for the period of 1963—
2016, the annual industry water supply is 37.97 mil-
lion m? for the period of 1975-2016, the annual domestic
water supply is 26.24 million m? for the period of 1988—
2016, and the annual urban ecological water supply is
about 14.83 million m? for the period of 2007-2016.

Methods

Model description

The distributed hydrological model —SWAT (Soil and
Water Assessment Tool) (Arnold et al. 1998)—was
employed in this study to simulate the hydrologic pro-
cesses. Based on the sufficient hydrological physical
mechanisms, SWAT model can effectively predict the
runoft under the conditions of different soil types, land
use types, weather situation, and the disturbance of
human activities (Gikas et al. 2006). In the application of
SWAT model, the catchment was separated into multiple
sub-basins based on the digital elevation model (DEM)
(see Fig. 4), and the study area was divided into 56 sub-
basins. Then, the sub-basin was further divided into
hydrologic response unit (HRU) in terms of the terrain,
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Fig. 4 The 56 sub-basins distribution in the upper reaches of
Zhanghe Reservoir

land use and soil types. HRU is the combination of small-
est simulation unit which has the similar land use and
soil type (Meng et al. 2015), and there are 377 hydrologic
response units being generated in this study area.

In case there is a missing value of rainfall data, the
weather generator can be used accordingly. The genera-
tion of precipitation uses the model developed by Nicks
(1974) which can not only produce daily precipitation
data due to the lack of the observed data but also fill the
missing value of actual records. The calculation of run-
off employs SCS curve number (USDA-SCS, 1972) pro-
cedure, in which the main parameter is CN value. SCS
curve describes the relationship between precipitation
and runoff, which synthesizes the previous moisture con-
ditions of soil, gradient, soil type, land use situation and
other factors together and indirectly reflects the effects of
human activities on runoff (Neitsch et al. 2002). For the
routing of main channel, the flow moving from upstream
to downstream is partly evaporated and lost by riverbed
transport, while some is utilized in different ways, such
as agricultural irrigation, industrial water and urban
and rural water supply, and the remain is the discharge
at the outlet. SWAT model only considers non-pressure
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flow, with selecting Manning’s equation to calculate the
speed of confluence. With the information of channel
slope, length, sectional area and so forth, the Muskingum
method proposed by Williams (1969) is adopted to calcu-
late the processes of confluence and the flow dynamics at
the watershed outlet.

Data input and model setup

The establishment of the model requires a newly built
database to support the operation of the SWAT model.
First, DEM is used to generate the water system and
delineate the basin boundary. The data applied in this
study are with the spatial resolution of 90 m. To analyze
the change of land use, we selected three land use maps
of 1000 m spatial revolution which were in different peri-
ods and those data are obtained from environmental data
cloud platform of the Chinese Academy of Sciences. The
required data, including soil and vegetation information,
meteorological forgings, are listed in Table 1. Hydrologi-
cal response unit is defined as the smallest hydrological
calculation unit in SWAT model, which is composed of
unique land use type and soil type. For HRU classifica-
tion, the different regions with the same combination in
sub-watershed are divided into the same type of HRU,
and the purpose of reclassification is to merge the same
HRUs. The number of HRUs directly affects the running
speed of the model. The land use types and soil types
need to be reclassified to reduce the amount of HRU
that finally generated in model. The calculating of sev-
eral soil parameters is by means of Soil-Plant—Air—Water
(SPAW) software when we prepared soil data. SPAW
system is used to calculate paddy field and pond models
and analyze soil moisture characteristics. It is an auxiliary
tool of Arc-SWAT soil database. In the database that sup-
ports SWAT model, soil data need physical parameters of
soil, such as soil moisture density, effective water-holding
capacity of soil layer, and saturated hydraulic conduc-
tivity coefficient, which need to be calculated using the
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software of SPAW. The meteorological data include daily
precipitation, maximum temperature, minimum temper-
ature, wind speed, relative humidity, and solar radiation.
NCEP meteorological data were download from NCAR/
UCAR RDA official webpage (http://rda.ucar.edu/). The
spatial resolution is one degree by one degree, and the
temporal resolution is daily. The time length is 2001-
2012. CMADS datasets are from Cold and dry area scien-
tific data center. The spatial range of the data is 0° N-65°
N, 60° E-160° E, and the resolution is 0.25°, and the time
length is for the period of 2008-2016. The dataset can
provide daily average temperature, daily maximum/mini-
mum temperature, daily accumulated 24-h precipitation,
daily average solar radiation, daily average air pressure,
daily specific humidity, daily relative humidity, and daily
average wind speed.

Sensitivity analysis, model calibration, and validation

SWAT-CUP (SWAT Calibration and Uncertainty Pro-
grams) is a computer program developed by Abbaspour
et al. (2007), which can perform parameter sensitivity
analysis, calibration, validation and uncertainty analysis
about SWAT model. And the five optimization methods
contained in SWAT-CUP are GLUE, Para Sol, SUFI-2,
MCMC, and PSO. Among them, the SUFI-2 has been
widely used by researchers and this study employs SUFI-2
to complete sensitivity analysis, calibration, and valida-
tion. SUFI-2 is a procedure adopting gradient search
and calculating with parameters obtained through Latin
hypercube sampling (Wei et al. 2012; Mehan et al. 2017).
Based on the relevant literature review, 16 parameters (in
Table 2) were selected for sensitivity analysis. Sensitiv-
ity analysis is mainly controlled by two indicators. The p
value determines the significance of sensitivity, and the
closer the p value is to 0, the more significant it is. T-stat
indicates the degree of sensitivity, and the greater the
absolute value is, the more sensitive it is (Li et al. 2015).
With the performance of the sensitivity analysis, there

Table 1 Geographical information, climate forcing, and streamflow records used for model simulation, calibration,

and validation

Data type Date description

Source

Digital elevation model 90 m x 90 m resolution
Land use map
Soil map 1:1,000,000 scale, 8 soil types

Soil characteristics
mated using SPAW model and EXCEL

Meteorological data
speed, Solar (1993-2013)

Streamflow data

1:100,000 scale, 5 basic land use types, 1990, 2000, 2015

Properties were quantified based on measurements or esti-

Daily precipitation, temperature, relative humidity, wind

Daily streamflow of hydrological station (2001-2012)

Geographical Information Monitoring Cloud Platform
Resource and Environment Data Cloud Platform
Harmonized World Soil Database1.1

China Soil Database

NCEP (National Centers for Environmental Prediction) and
CMADS (China Meteorological Assimilation Driving Data-
sets for the SWAT model Version 1.1)

Zhanghe engineering administration bureau
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Table 2 Parameters and parameter range used in sensitivity analysis for streamflow simulation
Parameter Description Range Process
r_CN2 SCS runoff curve number for moisture condition Il —3t003 Streamflow
v_ ALPHA_BF Base flow alpha factor (days) Oto1 Groundwater
v_ GW_DELAY Groundwater delay times (days) 0to 500 Groundwater
v_ GWQMN Threshold depth of water in the shallow aquifer required for return flow to 0to 5000 Groundwater
occur(mm)
v_ GW_REVAP Groundwater “revap” coefficient 0.02t00.2 Groundwater
v_ SFTMP Snowfall temperature (°C) —5to5 Snow
v_TIMP Snow pack temperature(°C) Oto1 Snow
v_ SURLAG Surface runoff lag time (days) 0.05to0 24 Streamflow
v_ESCO Soil evaporation compensation factor 0to1 Evaporation
v_CH_N2 Manning coefficient for channel —0.011t003 Channel
v_CH_K2 Effective hydraulic conductivity in main channel alluvium (mm/h) —0.01 to 500 Channel
a_RCHRG_DP Groundwater recharge to the deep aquifer Oto1 Groundwater
r_ ALPHA_BNK Baseflow alpha factor for bank storage Oto1 Channel
r_SOL_AWC Available water capacity of the soil layer(mm/mm) —03t003 Soil
r_SOL_BD Soil conductivity(mm/h) —03t00.3 Soil
r_SOL_K Saturated hydraulic conductivity of first layer (mm/h) —03t003 Soil

r _: parameter value is multiplied by (1 +a given value); v _: parameter value is replaced by given value; a_: parameter value is added a given value

Table 3 The sensitive parameters and their characteristic
values in the modeling

Parameters p value T-stat Best value
r_SOL_BD 0.00 — 854 0.26
v_CH_N2 0.07 —1.84 0.25
v_CH_K2 0.11 —1.60 9.76
r_SOL_AWC 0.11 —1.59 —0.21
v_ SURLAG 012 1.56 18.05
r_SOL_K 0.15 —1.46 —0.05
v_ GW_REVAP 0.15 1.45 0.094
r_CN2 033 —0.97 —0.07
v_ SFTMP 039 0.86 —4.19
v_ ALPHA_BF 0.46 —0.75 0.85

p value indicates the significance of the t value: the smaller the p value, the less
chance of a parameter being accidentally assigned as sensitive. T-stat indicates
parameter sensitivity: the large the t-stat, the more sensitive the parameter

are 10 parameters being regarded as the relatively sensi-
tive parameters in this study (Table 3).

The calibration is done by contrasting simulated
streamflow with the observed data, then adjusting the
value of parameters to keep the error within reasonable
range, which can make the structure and parameter val-
ues of model more suitable with the actual condition of
study area. There are two indices being used to quantify
the suitability of model, which are coefficients of deter-
mination (R?) and Nash—Sutcliffe (NSE) (Nash and Sut-
cliffe 1970), respectively.

The design of land use scenarios

To better provide strategies for sustainable develop-
ment of regional social-economy and environment pro-
tection, the different land use scenarios are designed
for studying the possible streamflow response. Normal
scenario is compared to 2000. Among them, Scenario
A assumes that the total catchment area is completely
covered by grassland, and the land is fully occupied by
forestry in Scenario B. The two scenarios are extreme
situations for examining the model performance on
the vegetation cover change in the studied area, and
Scenario B is also related to afforestation as the for-
estry is the dominate vegetation cover for the region.
According to the past land use map in Fig. 2, the land
use changes concentrate in the area changes of for-
estry, farmland, and urbanization area, which is simi-
lar with the upper Du watershed (Yan et al. 2013). In
Scenario C, a part of forestry is converted to farmland,
and Scenario D is the farmland partly transferred into
forestry. Scenarios C and D are related to the expanding
or reducing the area of the farmland. Meanwhile, the
Scenario E considers urbanization, as the urbanization
is possible situation with the regional social-economy
development. Scenario C is designed because the for-
est area in the study area is the largest, so the forest
land reduction is considered. Scenario D is designed to
respond to the policy of returning farmland to forests.
Considering that the current urbanization construc-
tion is also very important, scenario E is designed to
increase the construction land area with an assumed
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changing range. The land use/cover percentages of each
scenario are shown in Fig. 5.

Results

Historical streamflow simulation and validation

In this study, the observed streamflow in Dagutai and
Cangping gauging stations during period 2001-2012 was
obtained from the Zhanghe engineering administration
bureau. The 2001 year was set as the warm-up period,
while the period from 2002 to 2007 and the period from
2008 to 2012 were chosen to be the calibration and vali-
dation period, respectively. In validation period, CMADS
(The China Assimilation Driving Datasets for the SWAT)
also was applied to simulate the processes of stream-
flow. The comparison between the simulated streamflow
and observations of gauging stations is shown in Fig. 6,
which describes that the variations of simulated stream-
flow processes with the CMADS are closer to the actual
streamflow processes, thereby validating the better appli-
cability of CMADS for SWAT model for this region. The
observed differences are partly due to the limited forcing
meteorological data for the studied region. Certainly, the
effectiveness of model simulation, regarding to the model
structure and parameterizations, also affects the simula-
tion accuracy. The detail calibrated and validated results
are listed in Table 4. The fitness of SWAT model in study
area can be quantified, as the value of R? was within the
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range of 0.71 to 0.84, and NSE was above 0.7 at each
gauging station, especially for the simulated results with
the CMADS in Cangping gauging station.

Streamflow responses to historical land use changes

The land use changes for the historical period are exam-
ined in terms of both land use area and its structure. Fig-
ure 7 shows that there are basically 5 land cover types,
based on the land use data in 1990, 2000, and 2015.
AGRL stands for farmland; FRST for forest land; PAST
for grassland; WATR for water area; and URLD for con-
struction land. The main land cover types are forestry,
farmland, and grassland. Among it, the grassland covers
about 85% of the total area. For the three time positions,
the forestry was reduced a little bit in the first time stage,
and increased in the second time stage. The farmland
is slightly increased and then decreased. The water and
urban area are quite small, and there basically no changes
during the period of 1990-2000. However, for the period
of 2000-2015, the urban area is increased by 33%.

The land use transfer matrix is established in Table 5,
for analyzing the historical changes of land use structure,
which shows the dynamic transfer information for differ-
ent time periods. The procedures of the establishment of
land use transfer matrix include (1) to prepare the land
use status map (SHP format) in 1990 and 2015 with Arc-
GIS software, in which each map attribute table should

Normal
0.81.0.111.79
8

M AGRL  FRST i PAST & WATR M URLD

Scenario C

0.81 0.1 0.81

M AGRL M FRST i PAST & WATR M URLD M AGRL

Scenario A
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Fig.5 Normal land use and the designed land use scenarios. Scenario A is all PAST, Scenario B is all FRST, Scenario C is part of FRST became AGRL,
Scenario D is part of AGRL became FRST, and Scenario E is part of AGRL became URLD

Scenario B

MAGRL WFRST W PAST & WATR M URLD

Scenario E

01 5.14 0.81 5.05 6.85
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o have a field representing the land use type; (2) to use the
—+Observed solver tool in ArcGIS software to fuse the data; (3) the

- »- Simulated . . . N
8o o e MADS area is calculated and the attribute table is derived; and
70 |- Calioration ' Validation (4) to load the property sheet in Excel, and calculate the

matrix automatically. The mutual transfer ratio between
farmland and grassland is relative higher, and the total
percentage of grassland is decreased. More farmland area
R was converted to the forestry, and the percentage reaches
to 56%.

As both climate change and land use/cover change
will affect the regional runoff production, we studied
the streamflow responses to the land use changes with
the fixed meteorological forgings for the studied area.
Among the 1088 mm (the long-term annual average for
the period of 2002-2011) precipitation for the contrib-
uted area in Fig. 1, the annual average evapotranspira-
40| Calibration Validation tion and annual average runoff are about 530 mm and
392 mm, respectively. Then, we simulate the streamflow
using calibrated model with the different land use data.
The streamflow is reduced due to the changes from for-
estry to farmland from the land use situation in 1990 to
2000. For the land use situation from 2000 to 2015, due
to the increase of forestry, the decrease of farmland and
grassland, and the expanding of urban area, the stream-
flow is increased. Compared to the situation in 1990, as
shown in Fig. 8, the streamflow in 2015 is decreased by
0.4% when forestry area is increased by 0.59%, farmland
decreased by 0.44%, and grassland decreased by 0.44%.
Meanwhile, as the studied area is dominated by forestry,
the slight changes of the forestry area will not show obvi-
ous streamflow changes. Accordingly, the main driver

Streamflow (mals)

\* 4
o,
2008 2009 2010 2011 2012

50 - —=— Observed
- Simulated
45 | -.a..CMADS

35 |-

30

Streamflow (mals)

0 5 .
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Fig. 6 The simulations and observations of the monthly streamflow

at Dagutai (upper one) and Cangping (lower one) gauging stations

Table 4 Model performance statistics of the simulated and measured streamflow at the two gauging stations

Station Calibration period Validation period CMADS validation period
Time NSE R? Time NSE R? Time NSE R?
Dagutai 2002-2007 0.75 0.76 2008-2012 0.73 0.77 2008-2012 0.70 0.75
Cangping 2002-2007 0.71 0.71 2008-2012 0.72 0.75 2008-2012 0.84 0.84
WATR  URLD WATR URLD WATR
0.81 0.10 0.81 0.10 PAST .85 URLD
FAST AGRL PAST Y& AGRL 1.08 0.16
1.48 ' 11.64 1.48 ' 11 59 A,
11.35
ﬁii ﬁi FRST
1990 2000 2015
Fig. 7 Percentage of different land use types in year 1990, 2000, and 2015
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Table 5 Transition matrix of land use changes in upper reaches of Zhanghe Reservoir
2015
AGRL FRST PAST WATR URLD Total
1990
AGRL 102 128 1 0 1 232
FRST 120 1629 3 10 0 1762
PAST 3 9 18 0 0 30
WATR 1 8 0 12 0 21
URLD 0 0 0 2 2
Total 226 1774 22 22 3 2047
8.4
.5 08 Unit: 100milion {m3) extreme situation in Scenario B, which is fully occupied
I §23 by forestry, the streamflow is only slightly changed. For
82 14 Scenario C and D, the decrease of forestry and increase
a1 | of farmland result in the increase of streamflow by 0.37%.
When the urbanization land is increased by 5%, stream-
8 o 9
1000 5000 5015 flow is 1ncreas§d by 0.86%. ‘
Fig. 8 The multi-year average streamflow generated for three land To further display the streamflow responses in extreme
use conditions in year 1990, 2000, and 2015, with other forcing data situations (i.e., Scenario A and B), Fig. 10 shows their
and parameters remain unchanged accumulative frequency distribution of monthly stream-

83 T
Unit: 100 million {m?)
825 +
a2 L 8.18 8.19 821
015 8.16
N
g15 L 814
81 I
8.05
Normal Scenario A ScenarioB Scenario C ScenarioD ScenarioE
Fig. 9 The multi-year average streamflow generated by normal and
designed scenarios

for the streamflow reduction is the reductions of farm-
land and grassland area, as the increase of forestry may
slightly increase the streamflow.

Streamflow responses to different land use scenarios

The streamflow responses to the five different scenarios,
namely Scenarios A, B, C, D, and E, with the unchanged
meteorological forcing and other land surface character-
istics for the period of 1990-2015, are shown in Fig. 9.
The extreme situation in Scenario A shows the stream-
flow is increased in the situation of completely covered
by grassland. When the grassland is increased by 98.5%,
the streamflow increased by 0.49%. Compared to the

flow, monthly peak flow, and monthly low flow. Runoff
generation in grassland is higher than that in forestry in
terms of the monthly average streamflow, as shown in
Fig. 10a, which is partly due to the evaporation in for-
estry is higher than that in grassland, and the forestry is
capable to store more water by their large roots. Accord-
ingly, the monthly peak flow in grassland situation is
higher than that in forestry, as shown in Fig. 10b. Basi-
cally, there are more low flow days when it is completely
covered by forestry, compared to those by fully occupied
by grassland.

Discussions

The variability of reservoir inflow of Zhanghe Reservoir
in Yangtze River basin is critical to the irrigation district
in the lower reaches (the largest irrigation district in
Hubei Province) (Sriwongsitanon and Taesombat 2011).
To the best of our knowledge, the long-term simulations
for the inflow processes for this region have not been
effectively implemented. As the drought events were fre-
quently occurred in recent years, it is necessary to have
the knowledge of inflow variability and its responses to
land use changes in the upper reaches of the reservoir.
In particular, the possible low flow responses to land use
change are critical to the studied region, as it will further
aggravate the drought situation in the future. This study
employed the SWAT model to perform this investigation,
which is suitable with the obtained simulation accuracy
and previous similar topic in other basins (Wang et al.
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2014; Anand et al. 2018). Among it, the different meteor-
ological forcing datasets are used for running the model,
and we found that the simulations with CMADS dataset
show better performance with NSE value 0.84. This indi-
cates that the reliable meteorological forcing is also very
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important for the response study. And the more accu-
rate forcing data are desirable for improving the analysis
results.

The application of hydrological model (i.e., the SWAT
model here) facilitates us to examine the streamflow
responses to land use changes, as we can set possible land
use change scenarios for the future. Although the past
land use change had no significant impacts, the effects
of future possible changes remain unfolded. The future
land use changes (for example, the forestry is converted
to farmland, the farmland is converted to grassland) are
possible with the local policy changes. We hold the view
that the study provided some valuable information in this
regard, which is very useful for designing future sustain-
able development strategies.

The obtained results on the streamflow responses
to land use changes are basically consistent with the
reported studies for other studied area. The high and low
flow responses to the extreme land cover alterations are
consistent with the study of Niu and Sivakumar (2014)
for the East River basin in South China. The urbanization
increases the runoff generation, which is consistent with
the study of Jatin et al. (2018). Certainly, the magnitudes
of these changes are different due to the different regional
climate, geographical features, and local land surface
backgrounds, which also highlight the importance of the
regional study for local water resources’ management.

In addition, it should be very useful to have the spatial
variability of the streamflow variations with probability
of exceedance plots. At the current stage, we simulated
the streamflow variations at the two hydrological stations
and basin outlets. We will report the spatial variability
results elsewhere later.

Conclusions

This study simulates the hydrological processes in the
upper reaches of Zhanghe Reservoir in Yangtze River
basin and investigates the streamflow responses to land
use changes. The SWAT model is employed to perform
the hydrological modeling, and the simulations are well
validated by two gauging stations in the basin. The his-
torical land use changes are analyzed for both land use
area and structure changes. The streamflow (water inflow
to the Zhanghe Reservoir) responses to three historical
land use situations and different land use scenarios are
subsequently investigated based on the well-calibrated
model. The following conclusions are drawn based on the
relevant simulations and analyses.

1. The sensitive model parameters are obtained for the
application of SWAT model in the studied region,
including SOL_BD, CH_N2, SURLAG, GW_REVAP,



Chen et al. Geosci. Lett. (2020) 7:6

and SFTMP. The model shows well performance
when the simulations are compared with the stream-
flow records in two gauging stations (i.e., Dagutai and
Cangping) for the period of 2001-2012, with the NSE
above 0.7 and R* above 0.71.

2. The different meteorological forcing datasets are
used, and the simulations with CMADS dataset show
better performance with NSE value 0.84.

3. For the historical land use dynamics, the increase
of forestry area slightly increases the streamflow
response. However, as the land cover in the basin is
dominated by forestry, the response is not obvious.

4. For the designed land use scenarios, more runoff is
generated when the studied area is fully covered by
grassland, compared to the situation completely
occupied by forestry. The urbanization increases
the water inflow to Zhanghe Reservoir. The extreme
events, such as daily peak flow and low flow, show
different responses to the different land use scenar-
ios. Daily low flow occurs more when the area domi-
nated by forestry, compared to those by grassland.
There is larger daily high flow with more grassland
area, in contrast to that with more forestry area.

The irrigation activities in the lower reaches of
Zhanghe Reservoir are highly relied on the inflows of
the reservoir. The future land use changes (for exam-
ple, the forestry is converted to farmland, the farm-
land is converted to grassland) are possible with the
local policy changes. The hydrologic simulations and
the obtained results on streamflow responses to land
use changes are helpful to regional water resources
management, especially for facing possible drought
events under future changing climate. Meanwhile, the
responses are favorable to the sustainable development
and environment protection in the upper reaches of the
Zhanghe Reservoir in Yangtze River basin.
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