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Droughtmonitoring at large scale is essential for fighting against drought. Aiming at the limitation of acquiring long-time serial soil
moisture and actual evapotranspiration for Palmer drought severity index (PDSI), the papermodified the PDSI based on distributed
hydrological model on subbasin level in Luanhe river basin, North China.Thewater balance was simulated using the Soil andWater
Assessment Tool (SWAT). Calibration and validation results showed good agreement between simulated andmeasured discharges,
and the SWATmodel can be used to predict hydrological processes in the study area.Then the simulation results ofmain hydrologic
components were used to establish PDSI. The verification of the drought indices showed that the modified PDSI based on SWAT
model and Palmer drought severity index could better describe the characteristics of regional drought evolution in the Luanhe
river basin. High drought frequency areas were mainly distributed in the grassland regions of upstream located in the eastern part
of Inner Mongolia plateau, and the drought area had a significant upward trend form 1973 to 2010. Compared with the traditional
Palmer drought severity index, the modified PDSI could reflect the spatial heterogeneity of regional drought and improve the
physical mechanism of PDSI. The drought monitoring method can provide technical support for comprehensive understanding of
drought and effective preventing and relieving of drought disasters.

1. Introduction

Drought is a major natural hazard that can have devastating
impacts on regional agriculture, water resources, and the
environment, with farreaching impacts in an increasingly
globalized world [1]. Besides, droughts are the world’s costli-
est natural disasters, causing an average $6–$8 billion in
global damages annually and affecting more people than any
other form of natural disasters [2].

It is important to assess and monitor drought due to
the consequences and pervasiveness of drought, and various
drought indices had been derived to encapsulate drought
severity on a regional basis and provide information for deci-
sion maker in recent decades [3]. Based on the considerable
disagreement that exists about the definition of drought,
the drought indices can be sorted as precipitation indices,
soil moisture indices, water budget indices, and hydrological

and various aridity indices [4]. The commonly used drought
indices include standardized precipitation index (SPI) [5],
Palmer drought severity index (PDSI) [6], and surface water
supply index (SWSI), vegetation condition index [7, 8]. Heim
[9] gave a comprehensive review of 20th century drought
indices used in the United States.

Palmer Drought Severity Index (PDSI) is perhaps the
most widely used regional drought index for monitoring
droughts [10–12]. PDSI was developed by Palmer [13] to
simulate moisture content of the soil month by month and
to compare its monthly anomalies at regions having different
climate and seasons [4]. Although referred to as an index of
meteorological drought, the PDSI is based on meteorological
and soil moisture content, it takes into account precipitation,
evapotranspiration, and soilmoisture conditions [10], and the
PDSI can be used to determine the beginning, ending, and
severity of the drought period; it has been normalized so as
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to allow comparisons across space and time. However, the
PDSI is traditionally calculated by using a two-layer bucket-
typemodel to obtain data on water balance components.This
model does not consider the effects of factors such as the
spatial heterogeneity of soil, vegetation cover, and topography
on watershed hydrological processes. Moreover, in present
relative researches, the calculation of PDSI was mainly based
on the records of meteorological stations at point scale, have
the limitation of acquiring long-time serial soil moisture
and actual evapotranspiration at large scale, and cannot
clearly reflect the regional difference of drought. Besides, the
PDSI uses a simplified model of potential evaporation that
responds only to changes in temperature and thus responds
incorrectly to global warming in recent decades [14].

Distribution hydrological model is increasingly being
used to simulate hydrological processes involved in hydrolog-
ical cycle [15].Thesemodels can provide some key hydrologic
components of long-time serial and large spatial extent
(soil moisture, evapotranspiration, surface runoff, etc.) for
the calculation of PDSI. As such, the accuracy of PDSI
value could potentially be improved by using distribution
hydrological model rather than the traditional two-layer
bucket-type model for hydrological accounting.

For better reflecting the spatial heterogeneity of regional
drought, the feasibility that integrates the distribution hydro-
logical model and PDSI for monitoring drought at large
scale was verified. To achieve this, the paper calibrated and
validated the Soil and Water Assessment Tool (SWAT) in
the Luanhe river basin located in North China, where there
is a drought-prone area. Then the Palmer drought model
was modified based on the simulation results of hydrological
processes, and the spatial and temporal variation of regional
drought was analyzed. The evaluation results based on mod-
ified PDSI may provide some scientific support for decision
makers when formulating drought management policies to
alleviate the adverse effects of drought.

2. Materials and Methods

2.1. Study Area. Luanhe river is the second largest river
that separately flows into sea in North China. It originates
from the northern foot of the Bayanguertu Mountain, near
the border between Hebei province and Inner Mongo-
lia autonomous region, and finally flows into Bohai Sea
(Figure 1). The total length of the river is about 888 km, and
main tributaries have Shandianhe river, Xingzhouhe river,
Yixunhe river, Wuliehe river, Laoniuhe river, Liuhe river,
Puhe river, Sahe river, and Qinglonghe river.

Luanhe river basin is located in the north-eastern part of
North China plain, and has a drainage area of 44,750 km2
with elevations ranging from 2 to 2229m (the average
elevation is 911m). The basin is characterized by a typical
temperate continental climate, with mean annual precipita-
tion ranging from 400mm to 700mmwith 67–76% falling in
June through September, and the mean annual temperature
ranges from 5 to 12∘C. The multiannual natural runoff of
Luanhe river basin is 46.94 × 108m3.Themain land use types
of the study area are forest (37.76%), pasture (31.45%), and
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Figure 1: Location of Luanhe river basin with hydrological and me-
teorological stations.

agricultural lands (24.09%).Thepredominant soil types of the
study area are brown and cinnamon soils.

2.2. The Establishment of SWAT Model

2.2.1. SWAT Description. The soil and Water Assessment
Tool (SWAT) model is a watershed-scale, physically based,
continuous-time, and distributed-parameter hydrological
model that operates on a daily time step and is developed
to predict the impact of land management practices on
hydrologic and water quality response of complex watersheds
with varying soils, land use, and management conditions
[16]. It has several advantages, such as multiple functions,
a modular design, and only a few parameters need to be
optimized compared with many other hydrological models
[17], so SWAT model was selected in the study.

In SWAT, a watershed is first divided into a number of
subbasins according to the terrain and river channels and
then further subdivided into multiple hydrologic response
units (HRUs) consisting of unique combinations of land use,
soils, and topography in each basin.AnHRU is a fundamental
spatial unit upon which SWAT simulates the water balance
[16]. The runoff, sediment, and nutrient loadings from each
HRU are calculated separately and then aggregated at the
subbasin level and routed to the associated reach and to the
basin outlet through the channel network.

The model provides two methods for estimating surface
runoff: one is the curve numbermethod developed by the Soil
Conservation Service (SCS) of the United States Department
of Agriculture and the other is the Green-Ampt method.
In most cases, the curve number method is better than the
Green-Ampt method [18]. For potential evapotranspiration
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estimation, three methods are available in SWAT, that is,
Penman-Monteith, Priestley-Taylor, and Hargreaves meth-
ods. Water flow is routed through the channel network using
the variable storage method or the Muskingum method [19].
A detailed description of the model can be found form the
model’s public domain at http://swat.tamu.edu/.

2.2.2.Model Input. TheSWATmodel requiresmeteorological
data input and three GIS data layers, namely, digital elevation
model (DEM), land use, and soil. The SRTM DEM with
a spatial resolution of 90m was provided by International
Scientific Data Service Platform, Computer Network Infor-
mation Center, and Chinese Academy of Sciences (http://
datamirror.csdb.cn).

Land use map for 1985 and 2000 was obtained from
the Data Center for Resources and Environmental Sciences
(RESDC), Chinese Academy of Sciences, and land use prop-
erties were directly from the SWAT model database.

Soil map at a scale of 1 : 1000000 was provided by Envi-
ronmental and Ecological Science Data Center for West
China, National Natural Science Foundation of China.
(http://westdc.westgis.ac.cn). Soil physical properties (soil
particle composition, saturated hydraulic conductivity, and
bulk density, etc.) were mainly collected from China soil
database (http://www.soil.csdb.cn) and a soil correlation
system combined with the soil water characteristics software
of SPAW (soil-plant-air-water) [20], which was developed by
Washington State University, USA.

SWAT requires daily values of meteorological data as
an input. These data are precipitation, maximum and min-
imum temperature, solar radiation, relative humidity, and
wind speed. In the study, daily maximum and minimum
air temperature, wind speed, and relative humidity for
seven meteorological stations located within and around
the watershed during 1970–2010 were collected from the
NationalMeteorological Center of China (Figure 1).The daily
solar radiations were estimated with the model based on
the sunshine hours and geological information [21]. Due
to short time series of daily precipitation records of 83
gauging stations (1972–1988) in the study area, the paper
interpolated the daily precipitation of gauging stations with
inverse distance weighted method from 1989 to 2010 based
on precipitation data of seven meteorological stations.

Themonthly natural discharge values were collected from
five hydrological stations at the catchment outlet for the
period of 1973 to 2000, which used to calibrate and validate
themodel spatially.The description of these stations and their
catchments was list in Table 1.

2.2.3. Model Setup. Luanhe river basin was divided into 174
subbasins and further into 1327HRUs when 1985 land use
map was used and 1471HRUs when 2000 land use map was
used.The SCS curve numbermethodwas used for calculating
surface runoff volume. The Penman-Monteith method and
variable storage method were used to estimate the potential
evapotranspiration and flow routing, respectively.

2.2.4. Model Calibration and Validation. Model calibration is
an important component of hydrological modeling. In this

Table 1: Hydrological stations used for SWAT calibration and
validation.

Hydrological
station River Catchment area

(km2)
Area percent

(%)
Hanjiaying Yixunhe river 6736.26 14.78

Chengde Wuliehe river 2502.21 5.49

Xiabancheng Laoniuhe river 1679.61 3.69

Sandaohezi Luanhe river 18560.07 40.74

Luanxian Luanhe river 44939.82 98.63

study, owing to data limitation, the data for period 1973 to
1988 were used for calibration and 1989 to 2000 were used
for validation of the model at the five catchment outlets. The
1985 land use map was used for calibration period and 2000
land use map was used for validation period. Period 1970–
1972 and period 1987-1988 were used as “warm-up” periods
for calibration and validation.Thewarm-up period allows the
model to get the hydrological cycle fully operational.

The performance of the model for simulating discharge
can be quantified by the coefficient of determination (𝑅2),
Nash-Sutcliffe efficiency (𝐸NS) [22], and relative error (RE)
between the observations and the final best simulation, which
were defined as follows:

𝑅
2
=

[∑
𝑛

𝑖=1
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∑
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,

RE = (
𝑄sim − 𝑄obs

𝑄obs
) × 100,

(1)

where 𝑛 is the number of discharge values, 𝑄sim𝑖 and𝑄obs𝑖 are
the simulated and measured values of discharge, respectively,
and 𝑄sim and 𝑄obs are average of simulated and observed
discharge over the simulation period, respectively.

The coefficient of determination (𝑅2) is the percent of the
variation that can be explained by the regression equation,
and the value of 𝑅2 can range from 0 to 1, with higher value
indicating a better model performance. The value of 𝐸NS can
range from −∞ to 1, with higher values indicating a better
overall fit and 1 indicating a perfect fit. A general acceptable
criteria for 𝐸NS is set to be greater than 0.5 for monthly data.
RE of less than or equal to 15% is considered satisfactory
during model calibration and validation [23].

2.3. The Modified Palmer Drought Severity Index. Palmer
drought severity index (PDSI) was developed by W. C.
Palmer in 1965, which incorporated antecedent precipitation,
moisture supply, and moisture demand into a hydrologic
accounting system [13]. The index that intended to be of
reasonable comparable local significance both in space and
time has been extensively used as a measure of drought for
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both agricultural and water resources management. Basic
concepts and steps for the computation of PDSI are as follows.

2.3.1. Moisture Anomaly Index. The PDSI is based on the
water balance equation, and the difference 𝑑

𝑖
between the

actual precipitation𝑃
𝑖
andCAFEC (Climatically Appropriate

For Existing Conditions) precipitation 𝑃̂ is an indicator of
water deficiency or surplus in month 𝑖, which is defined as

𝑑
𝑖
= 𝑃
𝑖
− 𝑃̂
𝑖
,

𝑃̂
𝑖
= 𝛼PE

𝑖
+ 𝛽PR

𝑖
+ 𝛾PRO

𝑖
+ 𝛿PL

𝑖
,

(2)

PE
𝑖
is potential evapotranspiration; PR

𝑖
is potential recharge

that indicates the amount of moisture required to bring
the soil to its water holding capacity; PRO

𝑖
is potential

runoff, which is defined as the difference between potential
precipitation and potential recharge; and PL

𝑖
is potential loss

defined as the amount of moisture that could be lost from the
soil by evapotranspiration during a zero precipitation period
[4]. The climatic coefficients 𝛼, 𝛽, 𝛾, 𝛿 are means for each
month averaged over the base period. For example,

𝛼 =

ET
PE

, (3)

where ET is the actual evapotranspiration and the overbar
denotes the long termmonthly from 1973 to 2010 in the study.
In a similar way, 𝛽 is the ratio of mean actual recharge 𝑅
divided by mean potential recharge PR. 𝛾 is the ratio of mean
actual runoff RO divided by mean potential runoff PRO, and
𝛿 is the ratio of mean actual loss 𝐿 divided by mean potential
loss PL.

A two-layer bucket-type model was applied to carry out
the previous hydrological accounting in the traditional PDSI
computation method. However, the two-layer bucket-type
model just does not consider the impacts of the spatial
heterogeneity of soil, vegetation, and topographical factors on
the hydrological processes in a watershed. In the study, four
subbasins that correspond to meteorological stations located
within the study area were selected for initially establishing
Palmer drought model, and the monthly PE, ET, and RO of
selected subbasins were taken directly from simulated results
of calibrated SWAT model, and the other parameters can be
computed based on the simulated results of soil moisture for
each month 𝑖, which were defined as follows [24]:

𝑅
𝑖
= max (0, (SW

𝑖
− SW

𝑖−1
)) ,

PR
𝑖
= AWC − SW

𝑖−1
,

PRO
𝑖
= AWC − PR

𝑖
= SW

𝑖−1
,

𝐿
𝑖
= max (0, (SW

𝑖−1
− SW

𝑖
)) ,

PL
𝑖
= min (PE

𝑖
, SW
𝑖−1
) ,

(4)

where SW
𝑖−1

is the total soil moisture at the beginning of
month and the SW

𝑖
is the total soil moisture at the ending

of month. AWC is available moisture capacity. According to

theHarmonizedWorld Soil Database (HWSD), the study sets
the AWC to 150mm.

On that basis, the difference 𝑑
𝑖
was converted into

indices of moisture anomaly 𝑧
𝑖
, which was defined as

𝑧
𝑖
= 𝜅
∗
× 𝑑
𝑖
, (5)

where 𝜅∗ is the climatic characteristic that can be estimated
as

𝜅
∗
=

(PE + 𝑅)

(𝑃 + 𝐿)

. (6)

2.3.2. Drought Severity. The 𝑧-index time series were ana-
lyzed to develop criteria for the beginning and ending of
drought periods and an empirical formula for determining
drought severity. The index was given by the equation

𝑋
𝑖
= 0.89𝑋

𝑖−1
+

𝑧
𝑖

55.71

, (7)

where 𝑋
𝑖
is the PDSI for the 𝑖th month and 𝑋

𝑖−1
is previous

month’s PDSI. The equation indicates that PDSI of a given
month strongly depends on its value in the previous months
and on the moisture anomaly of the actual month.

The previous equation is one of the fundamental formulas
for calculating drought indices, and its establishment was
just based on four subbasins. However, when the method
was subsequently applied to other regions of the study area
with rather different types of climate, some of the results
might be peculiar and unrealistic. Therefore, in order to
make the established drought mode (7) that has good spatial
comparability, there is a need to adjust the monthly 𝑘∗ values
and 𝑧,

𝑧
𝑖
= 𝐾 × 𝑑

𝑖
, (8)

𝐾 =

438.91

∑
12

1
𝐷𝐾
󸀠
𝐾
󸀠
, (9)

𝐾
󸀠
= 1.2459lg[

(PE + 𝑅 + RO) / (𝑃 + 𝐿)

𝐷

] + 3.3684. (10)

𝐷 is the mean of the absolute values of 𝑑.
Equations (7) and (8) were final expression of modified

PDSI in Luanhe river basin based on the SWAT model and
the original Palmer drought severity index.

3. Results and Discussion

3.1. Verification of SWAT Model. The calibration and valida-
tion were completed using the monthly discharge records at
multisites from 1973 through 2000, and the results were pre-
sented in Table 2. The values of 𝑅2 and 𝐸NS were greater than
0.8 for the calibration period except the upper Luanhe river
at the Sandaohezi station, which indicated close relationship
between simulated monthly discharges with observed values.
The model slightly overestimated the monthly discharge at
the Sandaohezi and Luanxian station located in the main
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Table 2: Evaluation of the simulation results of monthly discharge.

Calibration (1973–1988) Validation (1989–2000)
𝑅
2

𝐸NS RE 𝑅
2

𝐸NS RE
Hanjiaying 0.89 0.89 −3.30% 0.73 0.66 −1.09%
Chengde 0.86 0.85 −1.34% 0.71 0.71 −7.32%
Xiabancheng 0.87 0.87 −5.82% 0.68 0.62 −2.75%
Sandaohezi 0.78 0.72 1.05% 0.71 0.62 −12.01%
Luanxian 0.93 0.93 3.40% 0.92 0.91 −2.59%
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Figure 2: Comparison of the simulation and measured monthly hydrograph at Luanxian.

stream and underestimated the monthly discharge at other
hydrological stations of threemain tributaries, but the relative
errors were less than 5%.

Because there were no precipitation records of gauging
stations after 1988, the study used the interpolated data based
on precipitation records of meteorological stations from 1989
to 2010. Therefore, the spatial heterogeneity of precipitation
cannot be well reflected in some years, which led to the
monthly discharges being underestimated at each hydrolog-
ical station, and the value of 𝑅2 and 𝐸NS had decreased for
validation period. Even so, the indicators basically can meet
the requirements of accuracy. These results showed that the
calibrated model can describe the hydrological processes,
implying that SWATmodelwas applicable to the Luanhe river
basin. The result after calibration and validation at Luanxian
station was shown in Figure 2.

3.2. The Verification of Modified Palmer Drought Severity
Index. On the basis of the previous droughtmodel, the values
of monthly PDSI for each subbasin were calculated from 1973
to 2010. In order to verify the rationality of the model, the
documented real drought [25] and drought area based on
modified PDSI in the study were compared (Figure 3).

According to the documented records, during the period
of 1973–1990, typical severe and extreme drought occurred in
1975, 1980–1984, and 1989. From Figure 3, it can be seen that
the average monthly drought area of documented drought
years based on modified PDSI was significantly larger than
other years, especially drought area made up 69.06% of the
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Figure 3: Average monthly drought area from 1973 to 1990 in
Luanhe river basin.

basin in 1981, which was consistent with the documented
drought. The value of drought indices based on the SWAT
hydrological model and Palmer drought severity index can
better describe the characteristics of regional drought evolu-
tion in the Luanhe river basin.

The drought evaluation results based on modified PDSI
indicated that drought occurred in 1976, but there were no
historical records. The reason of the disagreement was that
historical records focus on the drought disaster, but the
drought indices were mainly intended to evaluate drought
from a water balance viewpoint [26]. Thus, there exist many
other factors affecting the change from drought to disaster,
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that is, irrigation, which may lead to the little differences
between documented and evaluated drought.

The drought distribution using modified PDSI was fur-
ther verified in 1989 (Figure 4). It can be seen that the signs
of drought came into being with the arrival of March, and
it was distributed mainly in the northern Weichang county
in the upper reach of Luanhe river basin. But after that, the
drought area has gradually extended and the drought lasted
until November. Overall, the spatial distribution of drought
evaluation was consistent with documented real drought.

3.3. Spatial-Temporal Characteristics of Drought in
Luanhe River Basin

3.3.1. Spatial Distribution Characteristics of Drought.
Drought frequency representing how often drought occurs
was calculated through dividing the number of months at
which drought occurs by total months. The distribution map
of drought frequency in Luanhe river basin was represented
in Figure 5, which showed a high degree of spatial hetero-
geneity on subbasin level. High drought frequency areas
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Figure 6: Annual variation of average monthly drought area from
1973 to 2010.

were mainly distributed in the grassland regions of upstream
located in the eastern part of Inner Mongolia plateau,
including Duolun and Guyuan county, the northern Wei-
chang, Chengde and Pingquan county of middle reaches,
and Qianxi, Qianan and Lulong county of downstream.
The drought frequency was higher than 35% in these areas.
And in relative terms, the drought less occurs in the area
of southern Luanping to Xinglong county, where drought
frequency was less than 20%.

Due to the limitation of data, the irrigation is not consid-
ered in the established SWATmodel in the south of Luanxian
county, downstream of Luanhe river, and themonthly natural

streamflow; namely adding the social and economic water
used including the water storage of the reservoirs, industrial
and agricultural water used to measure runoff was used for
model calibration and validation, which can eliminate the
impact of human activities. Therefore, the evaluation results
of drought frequency based on modified PDSI showed that
these regions had the highest frequency.However, in practice,
there are many large-scale irrigation areas in these regions
where the frequency of drought that actually happened was
not high. Thus, the evaluation results had not considered the
effect of human activity on drought, that there was a need to
further improve the established drought model.

3.3.2. Temporal Variation of Drought. The temporal variation
of drought was analyzed with average monthly drought
area from 1973 to 2010 (Figure 6), which showed that the
drought had obviously interannual and interdecadal fluctu-
ation in Luanhe river basin, and the average drought area
was 14954.69 km2. From 1970s to the late 1980s, the drought
exhibited a significant upward trend. Compared with 1973 to
1990, the drought degree of 1990 to 2000 decreased. But the
drought area increased rapidly again after 2000. Overall, the
drought had a significant upward trend.

The break point of drought area was detected in 1985
and 2006 with Mann-Kendall’s test. Because of increased
precipitation, the drought showed an alleviating trend from
1985 to 2005 in the Luanhe river basin. However, with the
decreasing of precipitation and the effect of human activities,
the drought had intensified after 2006.

4. Conclusions

The SWAT model was applied to modify the Palmer drought
severity index (PDSI) in Luanhe river basin. Calibration
results of the SWAT model show that the good agreement
between the measured and simulated monthly discharges.
But due to the interpolation quality of precipitation data,
the monthly discharges were underestimated and the value
of 𝑅2 and 𝐸NS had decreased for validation period. Even
so, the indicators basically can also meet the requirements
of accuracy. It showed the calibrated model can be used to
describe the hydrological processes in the study area. Then
the simulation results of hydrological components were used
for the calculation procedure of the PDSI on subbasin level.
The method was applied to drought evaluation in Luanhe
river basin, North China, and good results were obtained.

Many studies have analyzed drought trend with PDSI.
Dai [6] compared and evaluated four forms of PDSI using
available climate data from 1850 to 2008. Zhai et al. [27]
analyzed the time series of the average annual PDSI and SPI
calculated for 483 meteorological stations for 10 large regions
covering the territory of China. Compared with the previous
researches, the modified PDSI based on SWAT model not
only can describe the spatial difference of regional drought,
but also could improve the physical mechanism of PDSI and
extend the scale from point to subbasin because the two-
soil layer for calculating water balance was replaced by the
distributed hydrological model.
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The work should be considered as an attempt to monitor
drought that integrated the Palmer drought severity index
and SWAT model. However, there exist some limitations in
the study. Due to insufficient irrigational data availability, the
model could not represent the effect of human activity on
drought. Besides, it is difficult to acquire the measure value
of some internal state variables, so the model calibration was
based on a comparison between simulated and measured
discharges. In the next phase of this research, it is of major
importance to take into account irrigation, and multivariable
calibration and validation approach should be used to pro-
ducemore realistic input parameters for the SWATmodel and
improve the evaluation accuracy of drought.
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