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Abstract. The temporal and spatial variations of drought in the Wei River basin (WRB) were investigated by
calculating the meteorological drought Index (Standardized Precipitation Index, SPI) and the agricultural drought
index (Vegetation Health Index, VHI). Monthly precipitation and air temperature were from 22 meteorological
stations over the region from 1960 to 2015. Monthly Normalized Difference Vegetation Index (NDVI) and 8-
days Land Surface Temperature (LST) were provided from the National Aeronautics and Space Administration
(NASA) for the period 2000–2015 were also adopted. The results showed that the drought initially increased and
then decreased, reaching at the maximum value in 1990s. The spatial pattern of meteorological drought showed
that the drought in northern WRB was heavier than that in southern WRB before 1990s, after that, the situation
had the opposite. By comparing the agricultural drought index (VHI) with crop yield, it was proved that VHI
was applicable in the WRB and could well reflect the fluctuation of agricultural drought. The WRB suffered
from serious agricultural drought in 2000, 2001, 2007 and 2008. Through analysis of the historical precipitation
and temperature data, it was found that precipitation had a greater contribution to creating agricultural drought
conditions than temperature in the Wei River basin.

1 Introduction

Drought is a natural and recurring feature of climate; oc-
curring in virtually all climatic regimes (Mishra and Singh,
2010) and frequent drought have been concerned for many
years (Lei et al., 2016). On a global scale, the frequency,
duration and severity of droughts have increased substan-
tially in recent decades (Dai, 2011), especially in the re-
gions of arid and semi-arid (Solomon, 2007). Furthermore,
drought directly or indirectly affect social and economic sus-
tainability (Alam et al., 2012). Generally divided drought
into four categories, meteorological drought, hydrological
drought, agricultural drought, as well as socio-economic
drought (Wilhite and Glantz, 1985).

Drought severity or magnitude can be illustrated by
drought indices (Steinemann, 2003). Numerous indices have
been developed for identifying the characteristic of drought
over the past few decades. Standardized Precipitation Index
(McKee et al., 1993) is a commonly used drought monitor-
ing index, which is calculated based on precipitation data and

could have multiple time scales. The SPI has been widely
used for drought assessment all over the world (Karavitis et
al., 2011; Moreira et al., 2015; Zarch et al., 2015; Olorun-
tade et al., 2017). Palmer Drought Severity Index (PDSI)
is a drought index for drought assessment, which based
on precipitation and air temperature to calculating mois-
ture supply and demand by a two-layer soil moisture model
(Palmer, 1965). Rayne and Forest (2016) found that there
was a substantial increase in drought variability at short
time scales based on the PDSI in the United States since
1895. Liu et al. (2013) employed the PDSI for analyzing the
spatiotemporal characteristics of dryness conditions across
Qinghai Province, Northwest China. The Standardized Pre-
cipitation Evapotranspiration Index (SPEI) (Vicente-Serrano
et al., 2010) is also based on the supply and demand concept
of the water balance equation. Zuo et al. (2016) showed that
the applicability of the SPEI in Shandong Province were ver-
ified by comparing the SPEI, crop yield and drought-affected
crop area.
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In addition, remote sensing technology has made it possi-
ble to monitor the condition of vegetation across large areas
(Lei et al., 2015; Zhang et al., 2017). Thus, remote sensing,
which can be used to extract meteorological or biophysical
characteristics of terrestrial surfaces, has gained more atten-
tion for drought monitoring (Rhee et al., 2010). The widely
used vegetation indices include VCI (Vegetation Condition
Index) (Kogan, 1995), Temperature Condition Index (TCI)
(Kogan, 1995), Soil Moisture Condition Index (SMCI) and
Precipitation Condition Index (PCI) (Zhang and Jia, 2013).
Furthermore, Martinez-Fernandez et al. (2016) proved that
SMOS Soil Water Deficit Index (SWDI) well reproduces the
soil water balance dynamics and was able to appropriately
track agricultural drought. Unganai and Kogan (1998) clearly
showed that temporal and spatial characteristics of drought in
Africa could be detected, tracked and mapped from AVHRR
data based on Vegetation Health Index (VHI). The Normal-
ized Vegetation Supply Water Index (NVSWI) registered cor-
relation coefficients with the AMSR-E soil moisture data at
the values of 0.53 in September and indicated its applicabil-
ity in monitoring drought in Northeast China (Cong et al.,
2017).

China is one of the major crop production countries around
the world, which accounted for 20 % of global cereal pro-
duction in 2011 (FAO, 2014). However, Yu et al. (2014)
also revealed that dry areas were reported to increase by
3.72 % per decade in the past five decades. Since the late
1990s, droughts have become more frequent and severe
across China (Chen and Sun, 2015). Both the frequency and
severity of droughts over the Yun–Gui Plateau in Southwest
China were intensified during the recent decades from total
water storage anomalies (TWSA) generated using GRACE
satellite data and ANN models (Long et al., 2014). The Wei
River is of great importance in social and economic devel-
opment of Shan’xi, Gausu and Ningxia Provinces in China.
Zou et al. (2017) showed that the whole Wei River basin ex-
hibited a dry trend, with more significant trends in the north-
ern, southeastern and western WRB than the remaining re-
gions based on PDSI_SWAT. Zhai and Feng (2009) showed
that short time drought had affected the Yellow River Basin
and Yangtze River Basin more than the Inland River Basin.
However, there is no comprehensive research on spatiotem-
poral variability of drought based on remote sensing dataset
in the Wei River basin. Hence, the main process of the study
are as follows: (1) to analysis temporal trends of annual total
precipitation and average air temperature during the period
1960–2015; (2) to calculate frequency occurrence of differ-
ent degree of drought at various time scales and the variation
of drought intensity for the recent six decades based on the
SPI; (3) to identify spatial variations of drought and drought
rating based on the SPI; (4) to estimate the spatiotemporal
variability of agricultural drought based on the VHI; (5) to
evaluate the capability of the VHI; (6) to analysis the rela-
tionship between the VHI and meteorological factors. The
results gained in this study could provide useful information

for drought assessment in the Wei River basin and other re-
gions in China.

2 Study Area and Data Description

2.1 Study Area

Wei River is the largest tributary of the Yellow River in North
China, with a drainage area of 1348× 105 km2 and orig-
inate from the Gansu Province and flows into the Yellow
River at the Tongguan port with its length of approximately
818 km (Fig. 1). It lies between latitude 33.5 to 37.5◦ N
and 103.5 to 110.5◦ E. The mean annual temperature in the
WRB is between 7.8 and 13.5◦, mean annual precipitation
is 400–800 mm−1 and potential evapotranspiration is 800–
1000 mm yr−1. In winter the climate is cold, dry and rain-
less, controlled by the Mongolia high pressure system, and
it is hot and rainy in summer due to the effects of the West
Pacific subtropical high pressure system.

2.2 Data Description

The monthly precipitation and average air temperature data
at 22 national meteorological stations analyzed in this paper
collected from the Chinese Meteorological Data Sharing Ser-
vice System, China Meteorological Administration over the
Wei River Basin from 1960 to 2015, twelve of them were in
Shanxi Province, seven of them were in Gansu Province and
others in Ningxia Province. The spatial distribution and de-
tail information of the 22 gauging stations are shown in Fig. 1
and Table 1.

All the products of the remote sensing dataset are pro-
vided by the Moderate Resolution Imaging Spectroradiome-
ter (MODIS), which are acquired from the National Aero-
nautics and Space Administration (NASA). Monthly Nor-
malized Difference Vegetation Index (NDVI) information are
obtained from MODIS13A3 NDVI product and eight-days
Land Surface Temperature (LST) information are provided
by MOD11A2 during 2000–2015. All the MODIS datasets
have a spatial resolution of 1 km× 1 km. To remove noise
from the remote sensing data caused by clouds or weather,
the maximum value composite (MVC) method is used for
data processing. The selected MODIS data products are
preprocessed using the MODIS Reprojection Tools (MRT)
(Yang et al., 2012).

3 Methodology

3.1 Calculation of the SPI

Computation of the SPI involves fitting a gamma probabil-
ity density function to a given time series of precipitation.
This is performed separately for each month (or any other
temporal basis of the raw precipitation time series) and for

Proc. IAHS, 379, 73–82, 2018 proc-iahs.net/379/73/2018/



S. Cai et al.: Spatiotemporal variability and assessment of drought 75

Table 1. The meteorological gauging stations in the Wei River Basin.

Precipitation Air temperature

Station Longitude Latitude Altitude Average Trend Average Trend
Name (◦ E) (◦ N) (m) (mm) (mm yr−1) (mm) (mm yr−1)

wuqi 108.17 36.92 1331.40 468.33 −1.226 7.93 0.027
huanxian 107.30 36.58 1255.60 431.83 −0.734 8.89 0.039
xiji 105.72 35.97 1916.50 409.19 −1.064 5.65 0.029
Pingliang 106.67 35.55 1346.60 502.98 −0.847 9.06 0.034
xifeng 107.63 35.73 1421.00 549.40 −0.923 8.94 0.044
changwu 107.80 35.20 1206.50 584.21 −0.035 9.31 0.016
luochuan 109.50 35.82 1159.80 610.63 −0.690 9.68 0.030
tongchuan 109.07 35.08 978.90 584.92 −0.494 10.75 0.015
tianshui 105.75 34.58 1141.70 517.90 −0.594 11.09 0.028
baoji 107.13 34.35 612.40 659.11 −1.046 13.27 0.025
wugong 108.22 34.25 447.80 599.71 −0.863 13.31 0.022
xian 108.93 34.30 397.50 561.48 −0.408 13.84 0.028
huashan 110.08 34.48 2064.90 810.33 −3.699 6.30 0.026
yanan 109.50 36.60 958.50 538.22 −1.011 9.99 0.035
foping 107.98 33.52 827.20 920.36 −0.172 11.96 0.037
shangzhou 109.97 33.87 742.20 690.71 −0.312 12.89 0.005
zhenan 109.15 33.43 693.70 787.21 −1.351 13.15 0.044
lintao 103.85 35.35 1893.80 538.93 −0.860 7.31 0.020
huajialing 105.00 35.38 2450.60 484.22 −1.618 3.77 0.023
minxian 104.02 34.43 2315.00 577.42 −1.209 5.97 0.027
yanchi 107.38 37.80 1349.30 292.00 −0.148 8.27 0.029
guyuan 106.27 36.00 1753.00 451.44 −1.071 6.74 0.038

Figure 1. Distribution of meteorological stations in the Wei River
Basin, China.

each location in space (McKee et al., 1993). The SPI can be
calculated as the following:

It is firstly fitted with an incomplete gamma probability
density function to a given frequency distribution of precipi-
tation at a station.

p (x)=
1

βα0 (α)
xα−1e−x/β , x > 0 (1)

where x is the precipitation amount, αis the shape parameter,
β is the scale parameter, and the gamma function is expressed
as:

0 (α)=

∞∫
0

xα−1e−xdx (2)

The maximum likelihood method is used to estimate the op-
timal values of αand β (Thom, 1966).

α̂ =
1

4A

(
1+

√
1+

4A
3

)
(3)

β̂ =
x

α̂
(4)

A= ln (x)−
∑

ln (x)
n

(5)

where n is the number of precipitation records.
The cumulative probability for a given month then can be

obtained by the following equation:

G (x)=

x∫
0

g (x)dx =
1

β̂ α̂0
(
α̂
) x∫

0

xα̂−1e−x/β̂dx (6)
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Setting t = x/β̂, the incomplete gamma function can be ob-
tained:

G (x)=
1

0
(
α̂
) x∫

0

t α̂−1e−tdt (7)

Parameters of the gamma distribution are estimated for every
individual station in each month of the year. Considering the
probability for a precipitation amount of zero (x= 0) which
is not defined in the gamma function, the cumulative proba-
bility becomes:

H (x)= q + (1− q)G (x) (8)

where q is the probability of a zero and is estimated by m/n,
m is the number of zeros in precipitation records, and n is the
length of precipitation records.

The cumulative probability of the distribution for each
value of precipitation is then transformed using equal proba-
bility to a normal distribution with a mean of zero and stan-
dard deviation of one, which is the value of the SPI. For a
given cumulative probability H (x), the corresponding nor-
mal distribution probability can be estimated by using fol-
lowing equation (Abramowitz and Stegun, 1964):

SPI=



k−
(c2k+ c1)k+ c0

((d3k+ d2)k+ d1)k+ 1.0
,

k =

√
ln
(
1/(1−H (x))2), 0.5<H (x)≤ 1

−

(
k−

(c2k+ c1)k+ c0

((d3k+ d2)k+ d1)k+ 1.0

)
,

k =

√
ln
(
1/H (x)2), 0<H (x)≤ 0.5

(9)

where c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 =

1.432788, d2 = 0.189269, d3 = 0.001308. Table 2 shows the
categorization of drought and wet classified based on the SPI.

3.2 Calculation of the VHI

The Vegetation Index was defined as combination of VCI
and TCI. It has been widely used to detect drought in many
places, such as Africa, China, America, etc. The VHI was
defined by the following formulae:

VCI=
NDVI−NDVImin

NDVImax−NDVImin
× 100 (10)

TCI=
Tmax− T

Tmax− Tmin
× 100 (11)

VHI= α∗VCI+ (1−α)∗TCI (12)

where NDVImax and NDVImin are the multi-year absolute
maximum and minimum of NDVI, respectively; Tmax and
Tmin are the multi-year absolute maximum and minimum of
T , respectively; and α is the weight to measure the contri-
bution of VCI and TCI for assessing the status of drought.
Generally, α is set as 0.5 because it is difficult distinguish

Table 2. Classification of drought calculated by the SPI.

Categories of drought SPI

Extreme drought SPI≤−2.0
Severe drought −2.0 < SPI≤−1.5
Moderate drought −1.5 < SPI≤−1.0
Near normal −1.0 < SPI < 1.0
Moderate wet 1.0≤SPI < 1.5
Severe wet 1.5≤SPI < 2.0
Extreme wet SPI≥ 2.00

Figure 2. Temporal variations of annual average air temperature
and total precipitation in the Wei River Basin.

the contribution of crop surface temperature and NDVI when
measuring drought stress. VHI was proposed to address the
limitations of VCI in areas with excessive soil wetness and/or
long periods of cloudiness (Kogan, 1995), under which con-
ditions NDVI is normally very depressed and VCI has low
values, which can be interpreted as drought in error. TCI is
expected to correct low values because of the variation in re-
sponse of vegetation to temperature as compared with NDVI.
Table 3 shows the categorization of drought based on the
VHI.

4 Results and Discussion

4.1 Trend analysis of precipitation and air temperature

The temporal trends of annual total precipitation and av-
erage air temperature over the Wei River Basin WRB at
22 meteorological stations during the period 1960–2015 are
shown in Table 1. The results shows that all stations showed
a decreasing trend in annual total precipitation, ranging
from −3.7 to −0.15 mm yr−1. The largest decreasing trend
(−3.7 mm yr−1) was identified at Huashan station, which is
located in the southeastern area.

For annual average air temperature, an increasing trend
was found at all the 22 stations, ranging from 0.005 to
0.044 ◦C yr−1. The highest increase was observed at Zhen’an
station, located in the south area, while the lowest increase
was detected at Shangzhou station, located in the southeast-
ern area.
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Figure 3. Drought frequency in different decades at different time scales in the Wei River Basin.

Table 3. Classification of drought calculated by the VHI.

Categories of drought VHI

Extreme drought VHI≤ 10
Severe drought 10 < VHI≤ 20
Moderate drought −20 < VHI≤ 30
Light drought 30 < VHI≤ 40
No drought 40 < VHI

The annual total precipitation and average air temperature
series over the WRB are shown in Fig. 2. The annual total
precipitation series in Fig. 2 shows that the driest year was
1997 (380 mm), while the year 1964 was the wettest year
(845 mm) from 1960 to 2015. The hottest year was 2013
(10.7 ◦C), while the coldest year was 1967 (8.2 ◦C). The
results showed that the annual total precipitation and aver-
age air temperature generally exhibited negative and positive
trends across the WRB, respectively, which is prone to occur
drought events.

4.2 Spatiotemporal characteristics of the SPI at various
time scales

4.2.1 Temporal characteristics of the SPI at various time
scales

The frequency of drought and wet occurrences at different
time scales during the six decades over the Wei River Basin
based on SPI (Fig. 3). In the 1960s, the percentages of ex-
treme drought and severe drought increased first and then
decreased as the increased SPI time scales, all the maxi-
mum values reached at 3 month. While the percentages of
moderate drought increased as the increased SPI time scales.
In the 1970s, the percentages of extreme drought ranged
from 0.53 to 1.74 %; the percentages of severe drought al-
most increased first and then decreased as the increased SPI
time scales, the maximum values was reached at 12 month

Figure 4. The variation of drought intensity in the Wei River Basin
during 1960–2015.

(4.81 %); the percentage of moderate drought was about 9 %.
In the 1980s, the percentages of extreme drought and se-
vere drought fluctuated with the increased SPI time scale; the
frequency of moderate drought decreased first and then in-
creased as the increased SPI time scales, the minimum value
reached at 12 month (7.92 %), the maximum value reached
at 24 month (10.64 %). In the 1990s, the percentages of ex-
treme drought and moderate drought increased with the in-
creased SPI time scales; the percentages of severe drought
increased first and then decreased with the increased SPI time
scales, the maximum value reached at 6 month (9.32 %). In
the 2000s, the percentages of extreme drought ranged from
1.21 to 2.54 %; the percentages of severe drought and mod-
erate drought reached minimum values at 1 month (3.79 and
9.96 %) and reached maximum values at 6 month (10.45 and
18.11 %). During the period 2010–2015, the percentages of
extreme drought decreased as the increased SPI time scales;
the percentages of severe drought and moderate drought in-
creased first and then decreased as the increased SPI time
scales, the maximum values reached at 6 month (4.23 and
0.79 %).
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Figure 5. Spatial distributions of drought frequency at various time scales during the six decades in the Wei River Basin.

Figure 6. Drought rating of extreme drought, severe drought and moderate drought based on SPI-3 in the Wei River Basin during the period
1960–2015.

The annual drought intensity time series of Wei River
Basin was constructed by the absolute value of the sum of
each site’s annual SPI (≤−1) based on SPI-12. Due to the
difference of the number of stations in each region, this
method calculated the drought intensity of each region was

not comparable, so the value divided by the number of sta-
tions (Fig. 4). The increases in value of drought intensity was
0.078 per 10-years for Wei River Basin during 1960–2015.
The drought intensity was greater, but the duration was short
before 1976; a continuous severe drought occurred during
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1977–1980. After 1990, drought intensity increased and long
duration. A continuous severe drought also occurred from
1993 to 1997 and the value of drought intensity reached the
maximum value (2.03). A continuous moderate drought hap-
pened in both 1999–2002 and 2004–2009.

4.2.2 Spatial patterns of the SPI at various time scales

Frequency distributions of extreme drought, severe drought
and moderate drought at 1, 3, 6, 12 and 24 months during the
six decades in the Wei River Basin were shown in Fig. 5. The
frequency of drought decreased as the time scale of the SPI
increased during 1960s. In 1970s, the frequency of drought
increased in varying degree at different time scales. In 1980s,
the values was relatively small in south of Wei River Basin;
the value was found in the north and west for SPI-1 at about
18 %; the value was found in the north for SPI-12 and SPI-
24 approximately 30 %, which were longer time scales. The
frequency of drought reached the maximum value at SPI-3,
SPI-12 and SPI -24 during 1990s. In 2000s, the frequency
of drought continuously increased and the extent of drought
area expanded for SPI-6; the value decreased at other time
scales. The frequency of drought was basically below 20 %
during 2010–2015.

The drought rating of extreme drought, severe drought and
moderate drought based on SPI-3 during the period 1960–
2015 were shown in Fig. 6. The moderate drought rating
of southeast was greater than the northwest and the maxi-
mum value was in Tongchuan. The drought rating of severe
drought ranged from 2.98 to 6.25 % and the value of median
was smaller than the south and the maximum value was in
Wuqi area in the northern part of the basin. The drought rat-
ing of extreme drought relatively smaller and the value of
southeast was greater than the northwest and the maximum
value was in Xifeng.

4.3 Assessment of drought in the Wei River basin
based on the VHI

4.3.1 Spatiotemporal characteristics of the VHI in the
Wei River Basin

In order to investigate the percentage of drought occurrence
during the period of 2000–2015 in the Wei River Basin, the
frequencies of the VHI values in five categories (Table 3)
were calculated at 22 stations (Fig. 7). From 2000 to 2015,
the percentages of extreme drought was almost zero, and that
of severe drought ranged from 0 to 1.37 % The percentages
of moderate drought were relatively higher than those of ex-
treme drought and severe drought, which were between 0.24
to 15.32 %. The percentages of light drought ranged from 4
to 25.97 %. Furthermore, 59.33 to 95.7 % of the VHI belongs
to the no drought.

In additional, the values of mean, maximum and minimum
of the VHI during 2000–2015 were shown in Fig. 8. The
mean of VHI ranged from 46.71 to 61.59 and an increasing

Figure 7. Frequency of occurrence of drought in six categories in
the Wei River Basin during the period of 2000–2015.

Figure 8. The value of maximum, minimum and mean of the VHI
during 2000–2015.

trend had been detected (R= 0.88). The mean of maximum
value were 95 and there was no significant fluctuation found.
The minimum value of VHI ranged from 11.45 to 22.32 and
the minimum of that was in 2000 (10.45), the maximum of
that was in 2012 (22.32).

The spatial characteristics of the VHI drought index, the
value of drought calculated from 2000 to 2015 in the Wei
River Basin were shown in Fig. 9. According to the spa-
tial patterns showed that crops in the WRB were affected by
different levels of drought. Overall, there were few extreme
drought occurred from 2000–2015. Severe drought occurred
in 2000, 2005, 2007, 2008 and 2015, and all occurred in the
northern part of the WRB, which occurred in the west of
the WRB in 2000 and 2002. Different degrees of moderate
drought was happened every year and all happened in the
northern part of the WRB. For light drought, in addition to
the northern regions, there were also some areas in the west
had a light drought.

4.3.2 Impact of drought on agriculture in the Wei River
Basin

Correlationship between crop yield and the VHI during
2000–2015 in the Wei River Basin are shown in Fig. 10. The
relationship between the VHI and crop yield was detected
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Figure 9. Spatial distributions of drought from 2000 to 2015 based on the VHI in the Wei River Basin.

Figure 10. Correlationship between crop yield and the VHI during
2000–2015 in the Wei River Basin.

with R value of 0.78. The result showed that the VHI had a
promising potential of quantifying the agricultural yield re-
duction caused by agricultural drought in the WRB.

4.3.3 Comparison with the meteorological factors

The correlationship between VHI and precipitation and aver-
age air temperature are shown in Figs. 11 and 12. The VHI
showed a relationship with the precipitation and the R value
of the linear regression equation reached at R= 0.4 during
2000–2015. While the correlation between VHI and aver-

Figure 11. Correlationship between precipitation and the VHI dur-
ing 2000–2015 in the Wei River Basin.

age air temperature showed a polynomial correlation with the
R= 0.37. In a word, the effect of precipitation on agricultural
drought was greater than that of air temperature.

5 Conclusion

This study detected the temporal and spatial pattern of
drought in the Wei Rvier Basin from 1960–2015. The SPI
drought index at different time scales were calculating using
monthly precipitation and air temperature. The VHI was cal-
culating based on monthly NDVI and 8-days LST. A regres-
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Figure 12. Correlationship between air temperature and the VHI
during 2000–2015 in the Wei River Basin.

sion was employed to identify the capability of VHI to eval-
uating the drought events. Major conclusions can be summa-
rized as follows:

1. The total precipitation had a decreasing trend with
0.9261 mm yr−1 and average air temperature had an in-
creasing trend with 0.0282◦ yr−1 and the situation was
prone to occur drought events,

2. The percentages of severe drought initially increased
and then decreased with decades in 1970s and 1990s
while those of moderate drought increased with decades
in 1960s and 1990s. Based on drought intensity, a
continuous moderate drought occurred in both 1992–
2002 and 2004–2009. The drought rating of moderate
drought was greater than that of severe drought and
extreme drought. Meanwhile, the drought rating was
greater in southern than that in northern. Before 1990s,
the degree of drought in southern was heavier than that
in northern, however, the degree of drought was the op-
posite.

3. The average had showed an increasing trend with
R= 0.88. Based on the VHI, the degree of northern was
heavier than that in southern, the degree of western was
heavier than in eastern. The heaviest drought was oc-
curred in 2000, 2007 and 2008.

4. Compared to crop yield, VHI had a well capability to
evaluating agricultural drought in the Wei River Basin.
And precipitation had greater effect on agricultural
drought than temperature
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