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ABSTRACT: Drought is a major natural hazard that can have devastating impacts on regional agriculture, water resources and
the environment. To assess the variability and pattern of drought characteristics in the Huang-Huai-Hai (HHH) Plain, the daily
Standardized Precipitation Evapotranspiration Index (SPEI) is developed based on daily meteorological data in this study.
The daily SPEI data are used, including Annual Total Drought Severity (ATDS), Annual Total Drought Duration (ATDD)
and Annual Drought Frequency (ADF), which were calculated from 1981 to 2010 at 28 meteorological stations. We used the
indices (ATDS, ATDD and ADF), Hovmdller diagrams and the reliable no parameter statistical methods of the Mann—Kendall
test to assess the variability and pattern of drought characteristics for the period from 1981 to 2010 in the HHH plain. The
results suggested that severe drought occurred in the 1980s, the late 1990s and the early 2000s, severe drought events occurred
in 1981, 1986, 1997 and 2002. Decreasing trends for both ATDS and ATDD were found, and the drought situation did not
worsen under global warming during the past 30 years, and the drought situation is alleviating in the entire HHH plain. The
northeast and southwest regions of the HHH plain have suffered from more severe drought, and the north region is prone
to drought. The results of the study can provide a scientific understanding for the adoption of countermeasures of regional

defence against drought and also may serve as a reference point for drought hazard vulnerability analysis.
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1. Introduction

Drought is one of the costliest natural disasters
(Wilhite, 2000; He et al., 2011), and it is also the most
complex and the least understood natural disaster that
affects humans (Hagman ez al., 1984; Wilhite, 1996).
The number of severe drought events and the drought
duration are likely to increase (Blunden et al., 2011; Li
et al., 2011). In particular, severe drought can have devas-
tating effects (Shen er al., 2007), such as exacerbated and
intensified environment degradation and desertification,
serious stoppage of river flow, loss of socio-economically
significant crop yield, increased risk of forest fires, and
increased competition for resources and social violence
(Bruins and Berliner, 1998; Quiring and Papakryiakou,
2003; Pausas, 2004; MacDonald, 2007; Zhang et al.,
2014). In 1997, a drought resulted in 226 days of zero flow
in the Yellow River from Henan to Shandong provinces
(Liu and Zhang, 2002; Wang et al., 2011); in 2002, 26
states in the United States were affected by severe and
extreme drought, with total losses exceeded $2.7 billion
(Wilhite et al., 2007). Thus, the effects of drought have
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recently evoked interest beyond the scientific community
(Leuzinger et al., 2005).

The current common drought monitoring indices
include the SPI (Standardized Precipitation Index), PDSI
(Palmer Drought Severity Index), ISDI (Integrated Sur-
face Drought Index), SPEI (Standardized Precipitation
Evapotranspiration Index), TCI (Temperature Condition
Index), VCI (Vegetation Condition Index) and the VHI
(Vegetation Health Index) (Rhee ef al., 2010; Banimahd
and Khalili, 2013; Wu et al., 2013; Hu et al., 2014); the
SPEI (Vicente-Serrano et al., 2010; Wang et al., 2014);
the SPI (McKee et al., 1993) and the PDSI (Palmer,
1965) are the three most widely used drought indices. The
results of using the SPI are comparable in space and time
(Guttman, 1998; Hayes et al., 1999), and their multi-scale
characteristics can identify different types of droughts.
However, the SPI only considers the precipitation factor,
which does not reflect drought conditions caused by
warming. The PDSI reflects the drought effects caused
by warming (Dubrovsky et al., 2009), and the trends in
drought areas have been investigated based on the PDSI
on a global scale (Sheffield et al., 2012). Although the
PDSI takes temperature factors into account, it lacks the
multi-scale characteristics that are necessary for the evalu-
ation of different types of drought. Taking the multi-scale
convenience of the time and temperature effects for
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drought assessment into account, the SPEI is very suitable
for monitoring and researching drought characteristics
under warming, and there have already been some studies
conducted on SPEI drought analysis (Vicente-Serrano
etal.,, 2010; Wang et al., 2014). The SPEI is able to
detect the onset and spatial and temporal variation of a
drought consistently, and it may be recommended for
operational drought monitoring (Vicente-Serrano et al.,
2010). However, the SPEI can only identify the number
of months in a drought period by applying the common
monthly SPEI application and cannot identify the days
of drought. The several days of drought during a crucial
vegetation growth period can lead to severe harmful
effects. However, the daily SPEI can monitor and assess
drought at all timescales, from daily, weekly, monthly, to
any longer scale, that is, the daily drought index can fill
a void in the capability to monitor the onset and duration
of droughts (Lu et al., 2013). As a result, development of
the daily SPEI is urgently needed, the daily SPEI data for
shorter scales or longer scales can monitor meteorological
drought or hydrological drought, because calculation and
application of the daily SPEI are similar to monthly SPEI
which can identify different drought types (meteorological
drought, agricultural drought and hydrological drought)
according to multi-time scales (Wang et al., 2014).

In China, the Huang-Huai-Hai (HHH) plain is a very
important food production area (Shi et al., 2014). Planting
areas of wheat and maize in the North China Plain occupy
approximately 45% and 33% of the total planting area in
China (Guo et al., 2010). However, the HHH plain is also
very susceptible to drought (Chen et al., 2011). Higher
temperatures may increase the potential evapotranspira-
tion and may result in an increased occurrence of drought
(Sheffield and Wood, 2008). In the past few decades,
climate variation has affected the hydrological cycle in
many places around the world, including the HHH plain,
which also much influence the occurrence and severity
of the water deficit (Gao et al., 2006; Huntington, 2006;
Sheffield and Wood, 2008). In the region, several studies
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have focused on the relationship between the drought
index and environmental factors, including soil water
content, crop water stress, El Nifio Southern Oscillation
(ENSO) and so on (Chen et al., 2011; Huang et al., 2013;
Wu et al., 2014). However, to quantify drought risk and
effectively adopt countermeasures of regional defence to
adapt to drought, the characteristics of the variability and
patterns of drought should be comprehensively under-
stood in the HHH plain. Additionally, it is important to
determine the spatial-temporal characteristics in droughts
and understand whether the occurrence of drought is
exacerbated under global warming in the HHH plain.

The goal of this study is to develop a daily SPEI cal-
culation method and apply it to assess the drought char-
acteristics (severity, duration and frequency) in the HHH
plain. In this study, the interannual variability of drought
characteristics were investigated for each meteorological
station via Hovmoller diagrams, the trend changes of the
drought characteristics were identified using the nonpara-
metric Mann—Kendall test method, and finally, the spa-
tial pattern of drought characteristics were analysed. The
results of this study can provide an important technologi-
cal support for drought planning and risk management of
drought disaster.

2. Study area and data sources

The HHH plain is located in northern China (31-42°E,
114-121°N) and forms part of the alluvial plain developed
by the Yellow River, the Huaihe River and the Haihe
River. According to the topography and the principle of
comprehensive agricultural zoning in China, the HHH
plain was divided into four sub-regions, including the
Taihang-yanshan mountains piedmont plain, the Ji-lu-yu
low lying plain, Shandong hilly agroforestry region and
the Huang-huai plain (Figure 1). Arable land is the main
land use type in the HHH plain (Figure 2). In our study,
28 meteorological stations were selected (Table 1). The 28

114‘1°E 116|°E 118.°E

120 122°E

50°N

40°N

30°N

130°N

50°N 40°N- L40°N

38°N+ +38°N

40°N

36°N- F36°N

20°N

34°N1 F34°N

20°N 32°N+ r32°N

80°E 90°E 100°E 10°E 130°E

114°E  116°E 118°E  120°E  122°E

Figure 1. The study area (A: Taihang-yanshan mountains piedmont plain; B: Ji-lu-yu low lying plain; C: Shandong hilly agroforestry region; D:
Huang-huai plain).
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Figure 2. Spatial distribution of land use and the meteorological stations in the HHH plain (the circles denote the spatial distribution of the 28
meteorological stations; the rectangles in the legend identify the different land use types).

Table 1. Basic information about the 28 selected stations in the HHH plain.

Station name  Longitude (°E) Latitude (°N) Elevation (m) Station name Longitude (°E) Latitude (°N) Elevation (m)
Zunhua 117.95 40.20 55 Jinan 116.98 36.68 52
Beijing 116.47 39.80 31 Taishan 117.10 36.25 1534
Tangshan 118.15 39.67 28 Yiyuan 118.15 36.18 303
Langfang 116.38 39.12 9 Anyang 114.37 36.12 76
Tianjin 117.07 39.08 3 Chaoyang 115.58 36.03 43
Baoding 115.52 38.85 17 Juxian 118.83 35.58 107
Huanghua 117.35 38.37 7 Yanzhou 116.85 35.57 52
Raoyang 115.73 38.23 19 Xinxiang 113.88 35.32 73
Shijiazhuang 114.42 38.03 81 Kaifeng 114.38 34.77 73
Huimin 117.52 37.50 12 Zhengzhou 113.65 34.72 110
Nangong 115.38 37.37 27 Shangqiu 115.67 34.45 50
Xingtai 114.50 37.07 77 Xuchang 113.85 34.02 67
Haiyang 121.17 36.77 65 Baofeng 113.05 33.88 136
Weifang 119.18 36.75 22 Xihua 114.52 33.78 53

stations were evenly distributed throughout the HHH plain.
Thus, the 28 selected stations can represent the spatial
patterns of drought in the HHH plain.

Daily meteorological data from 1980 to 2010 of the
selected stations were collected from the Chinese Mete-
orological Administration, including the minimum and
maximum air temperature (°C), precipitation (mm) and
sunshine duration (h). To ensure continuous and complete
data records, we selected a total of 28 meteorological
stations after dropping the stations with missing val-
ues for the period 1980-2010. Moderate Resolution
Imaging Spectroradiometer (MODIS) land cover prod-
uct (MCD12Q1) data with 500 m spatial resolution in

© 2015 Royal Meteorological Society

2010 were used, the data can be download from United
States Geological Survey (USGS) (https://Ipdaac.usgs.
gov/products/modis_products_table/mcd12ql). The land
use types were classified as six types: water body, grass-
land, woodland, arable land, built-up land and unused land
(Liu et al., 2003).

3. Methodology

3.1. Calculation of the SPEI

SPEI combines the precipitation data and the poten-
tial evapotranspiration calculation data; we followed

Int. J. Climatol. (2015)
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Hargreaves model approach to calculate the potential evap-
otranspiration. When wind speed, relative humidity and
other data are completely absent, the potential evapotran-
spiration can also be estimated using the equation stated
by Hargreaves and Samani (1982), which is given as:

PET = 0.0023 (Tean + 17-8) A/ (Tomax = Tonin) Ra (D)

where PET is the daily potential evapotranspiration
(mm/day); T,.., 18 the daily average air temperature (°C);
T ..« 1s the daily maximum air temperatures (°C); 7', is
the daily minimum air temperatures (°C) and R, is the net
radiation at the surface (MJ m~2 day™").

In addition, when wind speed, relative humidity and
other data are not completely absent, the above potential
evapotranspiration estimated by other methods can be also
replaced in calculation of the daily SPEI.

Solar radiation for Equation (1) at stations can be
obtained by the sunshine duration based on the Angstrom
function (Jones, 1992). The net shortwave radiation is
given by:

R:( bﬁ>R 2
S aS+ SN a ()

where R, is net shortwave radiation (MJ m=2day™'), n is
observed sunshine duration at stations (h), N is potential
maximum sunshine duration (h), R, is extraterrestrial radi-
ation (MJ m~2 day™!), a, and b, are constant, respectively
0.25 and 0.5.

The potential maximum sunshine duration (h) can be

calculated using:
N= (%) o, 3)
7

where w, is sunset hour angle expressed in radians (rad),
the calculation for @, may reference to Equation (5).
The extraterrestrial radiation, R, for each day of the year
and for different latitudes can be estimated from the solar
constant, the solar declination and the time of the year by:

Ra=24*60

Gy.d, [(w, sin @sin§)+(cos ¢ cos S sinw,) |

(4)
where G, is solar constant 0.0820 MJm~2min~!, d,
is inverse relative distance Earth—Sun referencing to
Equation (6), ¢ is latitude (rad), 6 is solar declination
(rad) which can be obtained by Equation (7).

w, = arccos [— tan (@) tan ()] ®))

d =1+0.033cos [2—”1] 6)
a ’ 365

5 = 0.409 sin [2—”1— 1 39] %)
o 365 '

where J is number of the day in the year between 1 (1
January) and 365 or 366 (31 December).

The deficit or surplus accumulation of a climate water
balance at different time scales is determined by the dif-
ference between the precipitations (P) and PET for the day
i

D, = P; — PET, (®)

© 2015 Royal Meteorological Society

The calculated D; values are aggregated at differ-
ent time scales, following the same procedure as that
for the SPI. The difference Df.“j in a given day j and
year i depends on the chosen time scale k (days). For
example, the accumulated difference for 1day in a par-
ticular year i with a 90-day time scale is calculated
using:

90 j
X, = ), Diy+ ) Dy, ifj<kand
1=91—k+j =1
J
X}, = D, ifj > k. )
I=j—k+1

Next, normalize the water balance into a log—logistic
probability distribution to obtain the SPEI index series.
The log—logistic distribution was selected for standardiz-
ing the D series to obtain the SPEI. The probability density
function of a log—logistic distributed variable is expressed

as:
-2
=g () ()] o
a a a

where a, f, and y are the scale, shape and origin parame-
ters, respectively, for D values in the range (y > D < o).
Thus, the probability distribution function of the D series

is given by:
B
F(x)=l1+< ¢ )]
xX—v

With F(x), the SPEI can easily be obtained as the stan-
dardized values of F(x). Following the classical approxi-
mation of Abramowitz and Stegun (1965):

-1

(11)

Cy+ C\W + C,W?

SPEI = W —
1+dW+d,W? + d; W3

(12)

where W = 4/—21In(P) for P<0.5 and P is the proba-
bility of exceeding a determined D value, P = 1 — F(x).
If P>0.5, then P is replaced by 1—P and the sign
of the resultant SPEI is reversed. The constants
are C,=2.515517, C,=0.802853, C,=0.010328,
d, =1.432788, d, =0.189269 and d; =0.001308.

3.2. Trend analysis method

The Mann—-Kendall (MK) trend test (Mann, 1945;
Kendall, 1975) is a rank-based nonparametric test for
assessing the significance of a trend and has been widely
used in hydro-meteorological trend detection studies
(Burn and Hag Elnur, 2002; Xu et al., 2004). The null
hypothesis HO is that a sample of data (X, i=1, 2, ... n)
is independent and identically distributed. The alternative
hypothesis H1 is that a monotonic trend exists in X. The
MK test statistic is calculated as:

S=ni i sgn(xj—xi)

i=1 i=j+1

(13)
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where the x; are the sequential data values, n is the length
of the data set, and

1 lf xj > xi
sgn(xj—xi)= 0 if x = x (14)
-1 ifx < x

Mann (1945) and Kendall (1975) documented that when
n > 8, the statistic S is approximately normally distributed,
with the mean and the variance as follows:

ES)=0 (15)

nin—1)Q2n+5)— Ztmm(m— DHQ2m+5)
m=1

V)= 18

(16)
where ¢,, is the number of extent m. The standardized test
statistic Z is computed by

5-1
VYV
Z=40
S+1

V(@)

When the significance levels are set at 0.01, 0.05, and 0.1
and 1Z,| are 2.58, 1.96 and 1.65, respectively. At a certain
significance level, if IZ| > |Z,|, then the null hypothesis HO
is rejected. In this article, the significance levels of p = 0.05
and 0.01 are discussed.

S=0
S<0

A7)

3.3.

The 90-day (3-month) time scale for the SPEI can monitor
soil moisture and agriculture drought (Wang et al., 2014),
and the daily SPEI data were calculated for the 90-day time
scale using the daily precipitation and air temperature data
from 1981 to 2010 at 28 station locations. The classifica-
tions for the SPEI drought class are presented in Table 2.
We investigated the drought characteristics of the vari-
ability and pattern of drought severity, drought duration
and drought frequency. To define the drought-related vari-
ables, we adapted the run model described by Yevjevich
et al. (1967). Once a drought event was determined with
its start and end day, its duration and severity were then
assigned. Considering the continuity of drought properties,
we defined continuous days with SPEI values less than
—0.5 as a drought event at each station, and the end of
a drought event is defined as the day the SPEI is greater

Data processing

Table 2. Classification used for the SPEI (McKee et al., 1993;
Paulo et al., 2012).

Drought class SPEI values
Non-drought SPEI > —-0.5
Mild —1<SPEI<—-0.5
Moderate —-1.5<SPEI<-1
Severe —-2<SPEI<-1.5
Extreme SPEI< -2

© 2015 Royal Meteorological Society

than or equal to —0.5. The severity is the absolute value
of the integral area between the SPEI line (value < —0.5)
and the horizontal axis (SPEI = 0) from the start to the end
day of a drought event; the greater value the integral area
for a drought event, the more severe the drought is. The
duration of a drought event is equal to the number of days
between its start (included) and end day (not included),
because for defining a drought event according to Table 2,
the end day cannot be included in drought event when SPEI
is great than —0.5. The frequency is defined as the number
of drought events in a given period.

To assess the variability and pattern of the drought char-
acteristics, the values of Annual Total Drought Sever-
ity (ATDS), Annual Total Drought Duration (ATDD) and
Annual Drought Frequency (ADF) were then computed
for at every station between 1981 and 2010. In the maps,
ATDS is obtained by summing the severity of the drought
events in every year, ATDD is obtained by summing the
duration of the drought events in every year, and ADF
is calculated by summing number of the drought events
in every year. ATDS is a dimensionless drought severity
score, ATDD is expressed in number of days and ADF is
expressed as the number of events in every year.

In our study, Spatial-Time (Hovmoller) diagrams
(Hovmoller, 1949) were used to investigate the interannual
variability of drought characteristics at 28 stations, which
can present the data in a spatial-temporal cross-section.
The MK trend test was applied for the existence of a trend
of ATDS, ATDD and ADF. Finally, the spatial patterns of
drought characteristics were investigated by averaging the
values of ATDS, ATDD and ADF at the 28 stations of our
study. The average values for each station are compared
with those for the entire study area.

4. Results and discussion

4.1.

The interannual variability of severe drought areas can
identify the severe drought year and the spatial distribu-
tion of severe drought in the study area. The daily SPEI
data on a 90-day scale for each year are used to study the
interannual variability of drought characteristics at 28 sta-
tions in the HHH plain. The most severe drought years are
identified based on the interannual variability of drought
characteristics.

The interannual variability of drought characteristics
between 1981 and 2010 is shown in Figure 3 in form
of Hovmoller diagrams of ATDS, ATDD and ADFE
Figure 3 shows the remarkable interannual variability of
the drought characteristics for each station.

The interannual variability of drought characteristics for
the near stations is similar, as shown in Figure 3(a) and (b),
which may be due to wide range of environmental condi-
tions, including precipitation and temperature. Figure 3(a)
and (b) show that the most serious ATDS and the longest
ATDD of drought occurred in 1981, 1986, 1997 and 2002
for nearly all of the stations, with the drought duration
exceeding 190 days in the severe drought years. We can

Interannual variability of drought characteristics
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Figure 3. Hovmoller diagrams for ATDS (a), ATDD (b) and ADF (c) at 28 meteorological stations (the horizontal axis indicates the station names

and the vertical axis indicates the year from 1981 to 2010; the stations are listed from north to south in HHH plain in the horizontal axis).
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also identify the years (in 1985, 1990, 2003, 2008 and
2010) of the least serious ATDS and the shortest ATDD
in the HHH plain. These results demonstrate that the vari-
ations of drought severity and drought duration were in
agreement, which may be attributed to the fact that a
long duration of drought is a basis of severe drought for-
mation. Since 2003, both weak ATDS and weak ATDD
occurred in the entire HHH Plain. To some extent, if ATDS
and ATDD are serious, the corresponding drought will be
severe drought. Thus, severe drought came in the 1980s,
late 1990s and early 2000s; in particular, drought events
in 1981, 1986, 1997 and 2002 are very severe. In 1997,
the serious drought and hot summer were attributed to the
weak Asian summer monsoon influenced by the ENSO
cycle (Huang et al., 2000), while the 2002 drought event
was caused by the shortage of the rainfall in rainy sea-
son (Dai et al., 2003). We also identified the years of
severe drought that depend on our interannual variability of
drought characteristics. The above reported drought events
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in the HHH plain can test the effectiveness of the identi-
fication. Figure 3(c) also shows that the Spatial-temporal
characteristics of ADF do not agree with those of the ATDS
and ATDD. The dispersed distribution characteristics for
ADF are shown in Figure 3(c), that is, near stations have
obviously different values of ADF in the same year, which
is probably due to some regions experiencing light rain-
fall that disturbed an otherwise continuously widespread
drought; we also find that the variation in the northern
region is greater than in the southern region for the entire
HHH plain and that the northern region is more prone to
drought than the southern region.

4.2.  Variation trend of drought in HHH

The MK test method is applied to analyse the trends of
ATDS, ATDD and ADF of the drought characteristics
at the 28 stations of this study from 1981 to 2010. The
changes of the trends using the MK test are illustrated in
Figure 4.
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Figure 4. The single-site trend analysis for ATDS (a), ATDD (b) and ADF (c) at 28 meteorological stations (letter (A, B and C) represent the change
trend per 30 year, symbol (**) following the numbers represents a significance level of p =0.01, symbol (*) represents the significance level of 0.05).
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ATDS may indicate severity of drought for each year,
and Figure 4(a) shows that a decreasing trend of ATDS is
found at all stations in the past 30 years. The smaller the
value of ATDS, the more severe drought occurred. More
significant trends for the ATDS at the 0.01 significance lev-
els are observed at the Langfang, Baoding and Huanghua
stations in the northern regions of the HHH plain, and six
stations are at the 0.05 significance levels, where increas-
ing trends for ATDS demonstrated that the drought severity
was moderating.

A decreasing trend for ATDD was found at all stations in
Figure 4(b), i.e. the numbers of the drought duration days
exhibit a decreasing tendency, and more significant trends
for ATDS at 0.01 significance levels are also observed at
the Langfang, Baoding, Huanghua stations in the northern
regions of the HHH plain and five stations at 0.05 signif-
icance levels. The trend changes for ATDD demonstrate
that drought is alleviating at all of the stations.

ADF is shown in Figure 4(c), there are 15 stations with a
decreasing trend for ADF, and the other 13 stations include
10 stations without a change trend and 3 stations with
an increasing trend. The decreasing trend for ATDS at
Xuchang station is at the 0.01 significance level, seven
stations are at 0.05 significance levels and no station with
an increasing trend is at 0.01 or 0.05 significance levels.
The trend changes for ADF demonstrated that the numbers
of drought events for each year do not obviously increase
in the past 30 years.

Trend changes of drought severity, duration and fre-
quency are in agreement: the results of this study indi-
cated weakening droughts in the HHH plain, which may
be attributed to increased rainfall under warming tem-
perature (Wu et al., 2014). The increasing rainfall effect
on drought alleviation is probably partially offset by the
warming effect. The trend changes for ATDS, ATDD and
ADF do not exhibit the difference between sub-regions of
the HHH plain, probably because there are similar topogra-
phies and land use types among the sub-regions.

By investigating the trend changes for the ATDS, ATDD
and ADF of the drought characteristics, the results of
this study indicated weakening droughts in the HHH
plain, which may be attributed to increasing aerosols that
decreased the solar radiation and reduced the potential
evapotranspiration (Gao et al., 2006). In light of global
warming and climate change, the changing trends of
droughts in the HHH plain are likely to continue and the
drought situation will be alleviated.

4.3.

To quantitatively evaluate the spatial variance of the
drought characteristics, we use the above spatial pat-
tern analysis method. The multi-year averaging values of
ATDS, ATDD and ADF for each station can demonstrate
the spatial variance of drought characteristics. Table 3 pro-
vides spatial comparisons of the mean ATDS, mean ATDD

Spatial pattern of the drought characteristics

Table 3. Spatial pattern analysis for the mean ATDS, ATDD and ADF at 28 meteorological stations.

Station name

Longitude (°E) Latitude (°N) Mean (ATDS) Mean (ATDD) Mean (ADF) Sub-region

Zunhua 117.95 40.20 131.66 117 6.00 A
Beijing 116.47 39.80 126.96 113 4.87 A
Tangshan 118.15 39.67 132.31 118 5.57 A
Langfang 116.38 39.12 124.83 110 5.57 B
Tianjin 117.07 39.08 129.46 111 5.73 B
Baoding 115.52 38.85 134.61 119 4.47 A
Huanghua 117.35 38.37 135.43 120 5.97 B
Raoyang 115.73 38.23 128.75 112 5.53 B
Shijiazhuang 114.42 38.03 125.65 112 5.53 A
Huimin 117.52 37.50 129.24 111 4.30 B
Nangong 115.38 37.37 122.72 105 4.70 B
Xingtai 114.50 37.07 130.12 114 4.33 A
Haiyang 121.17 36.77 136.10 120 4.90 D
Weifang 119.18 36.75 134.58 117 4.50 D
Jinan 116.98 36.68 131.48 113 4.77 D
Taishan 117.10 36.25 130.57 113 4.90 D
Yiyuan 118.15 36.18 134.42 119 4.80 D
Anyang 114.37 36.12 133.35 115 4.07 A
Chaoyang 115.58 36.03 128.10 106 3.97 B
Juxian 118.83 35.58 132.06 113 4.57 D
Yanzhou 116.85 35.57 133.69 115 4.30 D
XinXiang 113.88 35.32 128.52 110 4.60 A
Kaifeng 114.38 34.77 135.10 119 4.13 C
Zhengzhou 113.65 34.72 131.72 113 4.50 C
Shanggiu 115.67 34.45 131.29 114 3.77 C
Xuchang 113.85 34.02 136.69 118 3.60 C
Baofeng 113.05 33.88 132.08 112 4.20 C
Xihua 114.52 33.78 135.24 117 4.27 C
The mean value in the entire HHH plain 131.31 114 4.73

Bold values indicates that the multi-year averaging values is greater than the mean of the entire study area.
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and mean ADF of the drought characteristics from 1981 to
2010.

Figure 2 and Table 3 indicate that the stations for ATDS
are mainly distributed in the northwest regions of the study
area, and the stations in the northeast and southwest are
greater in the entire HHH plain. There are lower values
for the mean ATDS, except for HuangHua station in the
Ji-lu-yu low lying plain (region B). The station for ATDD
with the longest duration (120 days) is Haiyang, and the
station with the shortest duration is Nangong (105 days);
the stations with longer ATDD also have a greater ATDS,
and the stations with (ATDD > 114 days) are Zunhua,
Tangshan, Baoding, Haiyang, Weifang, Yiyuan, Anyang,
Yanzhou, Kaifeng, Xuchang and Xihua. The drought
events are found to have greater drought severity and the
longest drought duration. The results of the pattern for the
mean ATDS and the mean ATDD demonstrate that the
northeast and southwest regions of the HHH plain suf-
fered from more severe drought. Figure 2 and Table 3, the
data indicate that the stations for greater ADF with most
drought events (>4.7) are mainly distributed in the north of
the whole HHH plain. There are no stations with a greater
ADF in region C; this result implies that the north region
of HHH plain is prone to drought. The spatial distribution
of drought frequency in the HHH plain is consistent with a
previous study (Yu et al., 2014). The regions that are prone
to drought should cultivate drought-tolerant crop species
and strengthen the construction of water conservancy irri-
gation facilities.

5. Conclusion

The variability and pattern of the drought characteristics
are one of the most important aspects of drought disaster
mitigation. On the basis of daily Standardized Precipita-
tion Evaporation Index, in this study, the no-parameter MK
trend test was applied to assess the variability and pattern
of drought characteristic in the HHH plain from 1981 to
2010. Using ATDS, ATDD and ADF as the main assess-
ing indicators, we investigated the variability and pattern of
the drought characteristics in the entire HHH plain and its
four sub regions. Severe drought events may cause serious
impact in some years. Using the Hovmoller diagrams, the
severe drought events are identified by analysing the inter-
annual variability of drought characteristics in the HHH
plain, and regions that were prone to severe drought were
identified on the basis of the variability and pattern analy-
sis.

The severe drought years can be identified by both the
ATDS and ATDD and that severe drought occurred in
the 1980s, late 1990s and early 2000s; in particular, the
drought events in 1981, 1986, 1997 and 2002 were very
severe. The interannual variations of ATDS and ATDD
were in agreement among the different nearby stations,
while the nearby stations had obviously different values
of ADF in the same year. The trend changes of drought
severity, drought duration and drought frequency were in
agreement with the wet climate environment tendency and

© 2015 Royal Meteorological Society

the alleviating drought situation. Although the drought
situation is changing, the northeast and southwest regions
of the HHH plain are suffering from more severe drought,
and the north region with most drought events (>4.7) is
prone to drought.

These conclusions can provide a scientific understand-
ing for the management of drought mitigation strategies
on a regional scale. Identifying the drought-prone areas
can help decision makers to take drought into account in
resource planning in drought-prone areas. However, it is
better to apply the developed daily SPEI to drought events
in reality; in addition, our study adopted the SPEI data
obtained from stations, which probably influences certain
spatial descriptions of drought characteristics in detail.
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