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Drought severity not only depends on weather anomaly, but is also related to terrestrial hydrological con-
dition to a large extent. In this study, we analyzed droughts using indices based on precipitation and soil
moisture during the period of 1960-2010 in Haihe basin, which is a typical drought-prone region in
North China. The Soil Moisture Drought Severity (SMDS) and Standardized Precipitation Index (SPI) are
used to evaluate drought severity. SMDS is calculated based on the monthly soil moisture of upper
50 cm from the simulation by Community Land Model (CLM 4.0) and SPI is calculated based on gridded
precipitation at 0.05° resolution (5 km x 5 km approximately), which is spatially interpolated from
observations. During the last 51 years, 36 severe drought events (affecting areas greater than 20,000
km? and durations longer than 3 months) have been identified based on SMDS, and 41 drought events
identified based on SPI. Results derived from SMDS indicate that there is a significant increasing trend
in the drought affected area, and that the drought event occurred in 1999 has the largest affected area.
Compared with the drought events derived from SMDS, the events derived from SPI have shorter
durations but larger affected areas on average. Although the mean NDVI of the whole basin has been
increasing since the 1980s, the two declining periods of 1992-1994 and 1999-2003 show fairly good
agreement with the drought events identified in the same periods. The Anomaly of Normalized Difference
Vegetation Index (A-NDVI) is introduced as NDVI anomaly from its trend line, thus the negative value of
A-NDVI can reflect the drought impact on vegetation reasonably. Result indicates that both the SMDS and
SPI are significantly correlated with A-NDVI, and correlation between annual SMDS and A-NDVI is higher
than that of SPL
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1. Introduction

drought frequency has increased in major basins in North China.
For quantitative disaster assessment, drought analysis is an

In the past few decades, in the context of climate change and
the fast development of socio-economic conditions, drought has
become one of the most serious natural disasters that has caused
significant damages to the human society (Federal Emergency
Management Agency, 1995; National Climatic Data Center, 2003;
Bryant, 2005). According to statistics, China’s drought-induced loss
of grain production exceeded 26 billion kilogram per year, which
was almost the annual food demand of 60 million people (Li
et al., 2010). Since the 1990s, drought and desertification had an
increasing trend in North China and caused annual economic losses
in excess of $12 billion (Fu and An, 2002). Wang et al. (2011)
reported that drought had an increasing trend in the past 50 years
over the mainland of China, and Zhai et al. (2010b) pointed out that
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increasingly important topic in recent hydrological research.

However, due to the complex nature of drought, most of
drought definitions are based on the context of applications
(Andreadis et al., 2005). Two widely recognized definitions are:
(1) levels of precipitations lower than normal and durative short-
age of water resources (World Meteorological Organization,
WMO, 1986, 2012), which is usually defined as meteorological
drought; (2) the soil water content below annual average value
accompanied with reduction of grain yield (Food and Agricultural
Organization of United Nations, FAO, 2002), which is usually
defined as agricultural drought. In this study, we focused on the
meteorological and agricultural droughts in the past 5 decades of
Haihe basin in North China.

Meteorological drought is linked to the water shortage caused
by abnormal meteorological conditions, such as the lack of rainfall
and high temperature. Therefore, the index of meteorological
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drought mainly considers parameters like precipitation, tempera-
ture, humidity, and so on. The Standardized Precipitation Index
(SPI) (McKee et al., 1993, 1995) is a commonly used meteorological
drought index in many studies. It is comparable across different
climatic regions (Guttman, 1998), and has been widely used in
drought assessment (Zhang et al, 2009; Zhai et al., 2010a;
Fischer et al.,, 2011; Zhao et al., 2012; Hao and AghaKouchak,
2013; Gocic and Trajkovic, 2013).

Agricultural drought is usually defined based on the deficit of
soil water, which has a direct impact on the crop growth. Agricul-
tural drought is influenced by multiple factors, such as soil mois-
ture, crop type, and irrigation. Thus, the drought intensity is
often characterized by the soil moisture or the crop/vegetation
state. For instance, the Crop Moisture Index (CMI) (Palmer, 1968)
and Water Deficit Index (WDI) (Moran et al.,, 1994) have been
introduced in previous studies. Soil water storage is a key part in
the terrestrial hydrologic cycle, and it also connects the groundwa-
ter with vegetation. In this study, we described the agricultural
drought based on the empirical probability distribution of soil
moisture, which is defined as the Soil Moisture Drought Severity
(SMDS). Soil moisture and the related parameters have been
widely used to describe drought impacts on the vegetation, crop-
land or groundwater storage (Andreadis et al., 2005; Wang et al.,
2011; Long et al., 2013; Thomas et al., 2014).

When the drought breaks out in a certain region, what really
should be concerned about is the available water on the land
surface. Thereby, the evaluation of droughts should consider both
the water supply by precipitation and the water dissipation on land
surface. The water dissipation is mainly related to the canopy inter-
ception, evapotranspiration (ET), and soil water storage. All these
processes can be simulated by physically based hydrological mod-
els or land surface models, such as the Variable Infiltration Capacity
(VIC) model and Community Land Model (CLM). These models are
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commonly used to analyze the spatial and temporal patterns of
major droughts by their spatial and temporal continuous simula-
tions, and have been widely applied for drought assessment during
the last several decades (Andreadis et al., 2005; Sheffield and Wood,
2007; Sheffield et al., 2009; Wang et al., 2011). Most such studies
focused on the trend of large-scale droughts based on a single index,
but lacked the detailed analysis of typical drought-prone regions
and inter-comparison of different indices.

In this study, we selected Haihe basin in North China as the
study domain. The main objectives are: (1) to characterize major
drought events spatially and temporally in this region; (2) to
understand the changes of drought events during the last 51 years;
(3) to compare the applicability of the soil moisture drought index
with precipitation drought index in the perspective of terrestrial
ecosystem, especially the vegetation growth.

In the sections that follow, the hydrological and meteorological
features of the study area are first presented followed by the data
and the land surface model (CLM) used, and the methods used to
analyze drought. In the section on results, the drought temporal
trend and spatial pattern in the study area are given first followed
by the details of major drought events. Finally, a comparison
between the precipitation-based drought index and the soil-mois-
ture-based index is given.

2. Study area and data
2.1. Haihe basin and the historical droughts

Haihe basin is one of the largest basins in North China, and con-
tains several large cities (e.g., Beijing and Tianjin) with a total pop-
ulation of 137 million. Its area measures around 318,800 km?, of
which mountainous area (elevation above 100 m; Lei et al., 2014)
accounts for about 60% (see Fig. 1). The plain area of the basin is
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Fig. 1. Topographic map of Haihe basin and location of observation stations (circ

le represents meteorological station; cross represents agrometeorological station).
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one of the major grain producing areas in China, which contributes
about 9.4% of the annual grain yield in the country (Haihe River
Commission, 2012). Haihe basin belongs to the temperate
continental monsoon climate. Its mean annual precipitation is
approximately 530 mm with highly seasonal and interannual vari-
ability. In winter (December-February), controlled by Siberian high
pressure, it is often dry with less precipitation while in spring
(March-May), temperature rises rapidly and the actual evaporation
is high because of the strong wind. Nearly 70% of annual precipita-
tion is concentrated from June to September. China Meteorological
Administration (CMA, 2007) analyzed the drought frequency in
China from 1961 to 2006, and the results showed that the North
China Plain is one of the regions suffering frequent droughts.

From the literature survey, the drought characteristics in Haihe
basin can be summarized as: (1) frequent seasonal water deficit in
the basin attributed to meteorological and/or geographic reasons
(Bao et al., 2012; Xu et al., 2014); (2) droughts in spring had the
largest impact on agricultural production in plain area (Haihe
River Commission, 2004a); (3) several prolonged drought events
occurred in history (Lu et al., 2011), which have been verified by
tree-ring cellulose in the North China Plain (Li et al., 2011b) and
by the ancient records on oracle bones in the 11th century B.C.
(Haihe River Commission, 2004b).

2.2. Data preparation
In this study, the forcing data for running version 4.0 of the

Community Land Model (i.e., CLM 4.0) includes the historical
climatic data and the land surface parameters. The historical

climatic data were obtained from 73 meteorological stations in
the basin and its surrounding area as shown in Fig. 1, which were
originally provided by the National Meteorological Information
Center (NMIC) of CMA and downloaded from China Meteorological
Data Sharing System (CMDSS) (http://cdc.cma.gov.cn). The
observed meteorological data included daily precipitation, air tem-
perature (maximum, minimum, and average), daily sunshine dura-
tion, average wind speed and relative humidity. This dataset is
available from January 1960 to December 2010, and the daily data
were downscaled to 3-hourly data by the empirical methods pro-
posed by Lei et al. (2013). Gridded data of 0.05° x 0.05° resolution
were interpolated using an angular distance weighting method
(Yang et al., 2004) and used in the CLM 4.0.

Fig. 2a illustrates the spatial distribution of annual precipitation
in the study domain. The hilly region in the north of basin has
relatively lower mean precipitation than the southern plain, and
rainfall depth of most areas is above 400 mm. Fig. 2b shows that
the annual precipitation has a significant decreasing trend
(—15.7 mm/decade) in the past 51 years. There are clearly two
dry spells in 1980-1984 and 1999-2002.

Regarding the land surface parameters, in this study, the soil
texture data were obtained from Shangguan et al. (2012) which
contained textures of surficial (0-30cm) and underlying (30-
100 cm) soil layers. Land use/cover data in 1985 were obtained
from the Environmental & Ecological Science Data Center for West
China (EESD) (http://westdc.westgis.ac.cn) (Liu et al.,, 2005) and
were converted into land cover types used in CLM 4.0.

The Normalized Difference Vegetation Index (NDVI) data were
used directly to assess the drought impacts on the terrestrial
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Fig. 2. (a) Distribution of annual precipitation (mm) in Haihe basin in 1960-2010; (b) interannual variation and trend of annual precipitation; (c) spatial distribution of
annual mean NDVI from 1982 to 2006; (d) interannual variation and trend of annual mean NDVI.
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ecosystem. This study used the GIMMS (Global Inventory Monitor-
ing and Modeling Studies) NOAA/AVHRR NDVI datasets down-
loaded from EESD (Xu et al, 2014). The NDVI dataset was
available monthly from 1982 to 2006 with a resolution of 8-km.
Fig. 2c illustrates the distribution of mean NDVI in the basin. It
shows that the northwest mountainous area has relatively lower
NDVI than the plain area. The annual mean NDVI is increasing by
0.01/decade as illustrated in Fig. 2d. However, there are two peri-
ods in which the annual NDVI is lower than the average, namely
1992-1994 and 1999-2003.

In order to verify soil moisture simulated by the model, a 10-
day 50-cm soil moisture dataset (CMA, 1993) at 31 China Agrome-
teorological Stations (note: different from the meteorological
stations, see Fig. 1) in the basin was collected. This dataset is from
the NMIC of CMA, and is available from January 1991 to December
2010. The CMA soil moisture data is given as the relative soil
moisture that is defined as R = 6/6; x 100% (CMA, 1993), where 6
is the volumetric soil water content, and 6y is the volumetric
soil water content at field capacity. Parameter 0y is estimated as
6r= 045/ )'B given the soil water parameters and ;= —33 kPa,
which are the same parameters used in the CLM 4.0. We selected
the stations with few missing data and converted relative soil
moisture into volumetric soil water content for validating the
simulated soil moisture by CLM 4.0.

3. Methodology
3.1. Community Land Model and its simulated soil moisture

CLM 4.0 (Oleson et al., 2010; Lawrence et al., 2011) is a process-
based terrestrial ecosystem model that simulates land surface
processes under various climate situations. Highlights of CLM 4.0
include the integrated expression of biophysical and biogeochemi-
cal cycles as key parts in the land surface processes. Hydrologic
cycle in CLM 4.0 includes the canopy interception, soil water move-
ment, snow melt, ET process and so on. The soil water dynamics of
this model focuses on infiltration, redistribution of water in vertical
direction, and the sub-surface drainage. CLM 4.0 and its previous
versions have been evaluated widely by flux data and soil moisture
sampling (Stockli et al., 2008; Wang and Zeng, 2011; Hou et al.,
2012) and the simulations have been used in various scales studies
(Li et al., 2011a; Huang et al., 2013; Shi et al., 2013).

The simulations of CLM 4.0 were run from 1960 to 2010 at 0.05°
resolution (5 km x 5 km approximately) over Haihe basin, forced
by the historical climatic data and the land surface parameters
introduced in Section 2.2. The simulations are described in detail
by Lei et al. (2014) and have been validated using available obser-
vations, such as the stream discharge, remote sensing-based ET,
gross primary production (GPP), leaf area index (LAI), etc. This
study used the simulation of soil moisture for drought analysis.
Monthly average volumetric soil water content (cm?/cm?) of the
top 50-cm depth (represents the root zone) for each CLM 4.0 grid
cell is calculated from January 1960 to December 2010.

Based on the observed soil moisture, the simulation of CLM 4.0
was validated again in this study. Fig. 3a compares the simulated
and observed soil moisture at the 31 stations. Generally, the simu-
lation of model in Haihe basin is significantly correlated with
observation (correlation coefficient R=0.72) and the deviation is
in an acceptable range. As illustrated in Fig. 3b, both the simulated
and observed soil moistures have a consistent interannual variabil-
ity, and simulated soil moisture shows a greater variability
compared to the observed one. The reason for this high variability
of the simulated soil moisture may be due to the reduction of soil
moisture deficit especially during the drought years by agricultural
irrigation, which is not considered in the CLM simulation used in

—~ 05
£
S ousst (a)
£
L o4}
o
2
2 035¢
g %% )
€ 03 RN
o 5
@ 025+ o0 ek 0 68%°
¥ oy 4 RS S
s 02f ‘ ;’»sf’é’%;’f@f?@’ L
o o, e3P E o
£ o, B A"
2 015f °@ g o2
ofpo &
> o
e L
k5 0.1
©
S 005} R=0.72 p<0.05
£
w 0 1 1 L 1
0 0.1 0.2 03 0.4 05
Observed soil moisture from
agrometeorological stations (cm3/cm?)
0.28 ‘ T T
(b) —&— Observed
-A--Simulated
0.26 : ,A kY -

{'

0.24 s A\ ;
&y Wi \ﬁ\/ Wi A
ViWE Ve "
022 f Yo%y S 1
1 i
A’ A \if
A A
0.2

Volumetric soil moisture (cm?cm?)

i I i

0.18 L
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Fig. 3. (a) Comparison of CLM-simulated and observed monthly soil moisture of top
50-cm during the period of 1991-2010; (b) interannual variations of CLM-
simulated and observed average soil moistures. (Note: the volumetric water content
is converted from the relative soil moisture obtained from CMA).

this study. Therefore, this high variability of soil moisture reflects
the natural hydrological condition reasonably.

3.2. Calculation of Soil Moisture Drought Severity

As drought is a relative rather than an absolute condition, a
probability-based index is applied for direct drought severity eval-
uation across different regions. Probability distribution function of
drought index can be estimated by at least 20 years of data. The
most widely used probability distribution functions include
gamma distribution, Pearson Type III distribution, and empirical
cumulative probability distribution (McKee et al., 1993; Guttman,
1999; Andreadis et al., 2005).

Empirical cumulative probability function is applied in this
study to estimate the probability (percentile) of soil moisture
droughts in each month of the past 51 years for each grid cell,
which is expressed as:

j .

_ T - 100% 1)
where P is the soil moisture percentile (SMP) of a specific cell in a
month of a specific year in the 51-year statistics, m is the rank num-
ber of soil moisture value of the same month of the specific year in
the 51-year time series in the order from low to high, and n refers to
the sample size which equals 51 in this study. Thus the smaller P
value (lower soil moisture) means more severe drought.

Drought severity is an integrated index of intensity and dura-
tion, and refers to the cumulative deficit of the index below a given
threshold value (Yevjevich, 1967; Mishra and Singh, 2010). In this
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study, we used the probability-based definition of drought severity
introduced by Andreadis et al. (2005) which is expressed as:

S=1- i:Pi/t (2)
i=1

where S is the Soil Moisture Drought Severity (SMDS), P; is the SMP
in Eq. (1), tis the summed time steps with the unit of month. In par-
ticular, if time step is one month (t = 1), then SMDS is expressed as
S=1 — P. Obviously, a larger value of S refers to a greater impact of
drought. Then drought severity is expressed by the index SMDS in
the range of 0-1.

For regional prolonged droughts, a full-scale analysis of all the
droughts is hard to achieve. This study only chose major droughts
with significant impacts for analysis. The common method is to
define a drought index threshold below which the breakout of
drought is recognized (Dracup et al., 1980; Andreadis et al., 2005;
Sheffield et al., 2009). Climate Prediction Center (CPC) of NOAA,
U.S. categorizes droughts based on the SMP in Eq. (1) in the follow-
ing scheme: moderate drought (11-20%), severe drought (6-10%),
extreme drought (3-5%), and exceptional drought (0-2%) (U.S.
Drought Monitor, 2003; Climate Prediction Center, 2005). In accor-
dance with the CPC scheme, we defined threshold of SMP as 20%.
Therefore, if the monthly SMDS of a grid cell is lower than 80%, then
this cell is not identified as in a drought condition in this month.

3.3. Calculation of Standardized Precipitation Index

Precipitation is a major index for drought evaluation, and long-
term observations are available in most areas. The Standardized
Precipitation Index (SPI) is an ingenious index based on standard-
ized probability to quantify precipitation deficit (WMO, 2012). The
calculation procedure of SPI is based on long-term precipitation
observations. The precipitation data series are firstly fitted into a
proper probability distribution. The inverse normal function is
then applied to the cumulative probability, and the result is the
SPI (Guttman, 1998, 1999). One of the notable strengths of SPI is
the normalized probability distribution (see Fig. 4), so that both
the dryness and wetness can be compared across different regions.

The numerical value of SPI refers to standard deviation of mea-
sured precipitation from a given probability distribution function.
Suppose x is the cumulated monthly precipitation in the time scale
of research (1-month, 3-month, 6-month, 12-month, etc.) which
fits a gamma probability density function g(x) as follows:

1
g(x) = ﬁ”‘F(oc)

x* e x>0 (3a)

I'(x)= /006 x*le™dx (3b)

where x is the precipitation sum, I'(x) is the Gamma function. In
Eqs. (3a) and (3b), « and B are the shape and scale parameter
respectively, which can be estimated by the maximum likelihood
method (Guttman, 1999; Yuan and Zhou, 2004; Liu et al., 2012) as
follows:

1+/114A/3
:+T+/3’ gt (4a)

o

A=In(®) - w (4b)

where n is the length (months) of the time series. Then the cumu-
lative probability of precipitation x in the given time scale is
expressed as:

_ x _ 1 x o—1,-x/p
_/0 g(x)dx_—ﬂo{r(x)/0 X lePdx (5)
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Fig. 4. Sketch of the normalized distribution applied by the Standardized Precip-
itation Index: (a) fitted gamma distribution for the cumulated monthly precipita-
tion in Egs. (5) and (6); (b) standardized normal distribution for SPI in Eq. (8).
Wetness is expressed by positive SPI values while dryness by negative values.

Let t=x/B and Eq. (5) above transforms into an incomplete
Gamma function:

G(x) :% /O T plemtde 6)

Eq. (6) does not consider the extreme situation when the cumu-
lated monthly precipitation x = 0. As a result, the equation is then
modified as H(x):

Hx) =g+ (1-q)GKx) )

where q is the probability of x = 0, that is, the frequency of occur-
rence of x=0 in the whole observation series. When transformed
into the standardized normal distribution function, the SPI is
expressed as:

ot +6t? 1
7(t 1+d?t+:12r22+d3r3 In (sz)’ 0<H(kx) <05
SPI =
Co+C1+C; t 1
- 1+d?t+é2t22+d3t3 ’ In <(] H(x) 05< H < 1

8)

where the constants c¢y=2.515517, ¢; =0.802853, ¢, =0.010328,
di =1.432788, d; = 0.189269, d; = 0.001308.

The standardized distribution allows SPI to determine the rarity
of a current drought event (see Table 1), and the return periods of
droughts are estimated as well (Mishra and Singh, 2011; WMO,
2012). In order to compare with soil moisture drought index
(SMDS), the time scale of SPI was selected as 3 month (denoted
as SPI-3) as suggested by WMO (2012). In addition, the threshold
of SPI was selected as —0.85, which is the 20% probability quantile
of standardized normal distribution. If the monthly SPI of a grid cell
is greater than —0.85, then the cell is not identified as in a drought
condition. This threshold makes drought severity derived from SPI
comparable with that from SMDS under the CPC scheme.
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Table 1
Drought classifications based on the Standardized Precipitation Index.

Categories SPI values Probability Return period
(%) of drought
Mild dryness —0.99 to 0.00 34.1 1 in 3 years
Moderate dryness -1.49 to —-1.00 9.2 1 in 10 years
Severe dryness -1.99 to —-1.50 4.4 1 in 20 years
Extreme dryness —2.00 and less 2.3 1 in 50 years
Selected threshold —0.85 and less 20.0 1in 5 years

in this study

3.4. Anomaly of Normalized Difference Vegetation Index

As shown in Fig. 2, the annual NDVI has a significant increasing
trend which may be induced by the expansion of agriculture irriga-
tion in the plain areas and the soil-water conservation practice in
mountain areas. In order to describe the drought impacts on terres-
trial ecosystems, this study introduces the Anomaly of Normalized
Difference Vegetation Index (A-NDVI). Meteorologically, the term
“anomaly” means deviation between the observed value and the
normal level, and the long-term mean is usually used as the normal
level. In this study, we define the normal level as that represented
by the linear trend line of NDVI in the study period. Thus, A-NDVI is
defined as:

A-NDVI(x) = NDVI(x)—T-NDVI(x) 9)

where NDVI(x) is the annual average NDVI of the basin in the year x,
and T-NDVI(x) is the NDVI value obtained from the trend line of
NDVI corresponding to year x. This study uses the linearly fitted
trend as illustrated in Fig. 2d. Positive values of A-NDVI imply that
the vegetation grows better than the normal level, and vice versa.

Compared with the NDVI anomaly used in previous studies
(Anyamba et al., 2001), the main advantage of A-NDVI used in this
study is that it removes the trend component induced by the non-
stationary changes. The NDVI anomaly from the trend line reflects
the drought impact better, rather than the NDVI anomaly from the
long-term average line does.

4. Results
4.1. Drought trend in the past 51 years

Based on the given thresholds (SMDS > 0.80, SPI-3 < —0.85) for
the monthly drought indices, grid cells in drought condition are
identified, and the drought affected areas are calculated. Seasonal
and annual averages are calculated from drought affected areas
in each month. The seasonal average area is the mean value of 3-
month drought affected areas: winter from December to February,
spring from March to May, summer from June to August, and
autumn from September to November. Fig. 5 illustrates the inter-
annual variations of drought affected areas. Mann-Kendall trend
test (Mann, 1945; Kendall, 1975) is used to detect the trends of
drought affected area in the past 51 years.

The annual drought affected area has an increasing trend with
significance level 0.05 based on the SMDS index. In particular,
the drought affected area increased dramatically after 1980. This
increasing trend is consistent with the results given by some lar-
ger-scale studies in China (Sheffield and Wood, 2008; Wang
et al.,, 2011). Specifically, the drought that occurred in 1965 is the
most extensive in the 1960s, and affected almost 30% of the whole
basin area. In the 1970s, drought affected area percentiles are uni-
formly below 20%. The post-1980 years with affected area over 30%
are 1980, 1981, 1984, 1992, 1997, 1999, 2000, 2002, 2006 and
2009. Specifically, the 1999 drought stands out with the largest
area in the past 51 years.

The drought affected areas in each season are also shown in
Fig. 5. Based on SMDS, the drought affected areas in winter and
spring have a significant increasing trend with significance level
0.05. Comparing the annual and seasonal drought affected areas,
it is apparent that most of the large-scale droughts occurred in
winter, spring and summer, such as the droughts that occurred
in 1981, 1992, 1999-2000 and 2006.

Fig. 5 also compares the drought affected area based on SPI with
that of SMDS. In general, both of the indices showed similar results.
For instance, the largest drought affected area is in the early 2000s,
and after 1980 the major drought years (in terms of drought
affected area) are 1984, 1999, and 2006. However, an apparent dif-
ference is that the trend of the SPI-based drought affected area is
non-significant. In addition, the 1960s drought period derived from
SPI stands out with a larger affected area than that of SMDS, partic-
ularly in 1965 and 1968. One possible explanation is the influence
of the groundwater, because the groundwater level in the North
China Plain was much shallower in the 1960s than after the
1980s. Thereby the deficit in precipitation did not lead to a large-
scale soil moisture drought in the 1960s.

4.2. Spatial patterns of the droughts

Spatial distributions of several typical droughts derived from
SMDS and SPI are illustrated in Figs. 6 and 7 for three typical
droughts that occurred in 1965, 1981 and 1999. The darker color
in the maps refers to relatively higher drought intensity. As illus-
trated in Fig. 6, drought in August 1965 was mainly concentrated
in the western part of the basin whereas drought in April 1981
occurred in the northern part and the southern part of the basin.
The drought in August 1999 was the most spatial extensive one,
and concentrated in the southeastern part of the basin.

Fig. 6 also shows the agricultural drought affected area (using
SMDS) both in plains and in mountains. It can be seen that drought
in mountainous area (northern and western part of basin) has
shown a gradually decreasing trend since the 1980s, with the largest
affected area in 1981 covering more than 60% of whole mountain-
ous area. On the contrary, drought in the plain area (southern and
eastern part) presents an increasing trend in the recent 30 years,
and the largest area corresponded to the two droughts in 1999-
2000 and 2002, covering nearly 80% of the whole plain area. During
the period of 1990-2005, drought affected larger areas in plain than
in mountain, particularly for the droughts in 1998, 2000 and 2002.

Drought spatial features derived from SPI are shown in Fig. 7.
They generally show good agreement with those derived from
SMDS. However, the most notable differences is that droughts
derived from SPI in the 1960s covered a comparatively larger area
(covering nearly 50% of basin) than those derived from SMDS.
Besides, the drought in April 1981 covered a smaller area (30% of
basin) by SPI than that by SMDS and only affected the southern
part of the basin, while the 1972 drought affected area increases
from 20% by SMDS to about 40% by SPI.

4.3. Characteristics of severe drought events

For further analysis, several severe drought events are selected
in the following part with long durations and large affected areas.
Similar to the severity-area-duration (SAD) analysis proposed by
Andreadis et al. (2005), we analyzed the changes of drought events
in space and time during the past 51 years.

For data preprocessing, the monthly drought severity is first
smoothed by a 3 x 3 moving median filter. The smoothing process
is used to filter the abnormal value, as the prominent spatial char-
acteristic of a drought event is the contiguity of its extent
(Andreadis et al., 2005). Then, based on clustering algorithm, major
drought events are identified by their temporal connectivity from
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Fig. 5. Drought affected areas during 1960-2010 using SMDS and SPI. The drought affected area is calculated monthly and averaged in the annual scale, in winter (December—
February), in spring (March-May), in summer (June-August) and in autumn (September-November).
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Table 2
List of top fifteen drought events in terms of duration and spatial extent derived from SMDS and SPI.

Index Event no. Duration (months) Total affected area (1000 km?) Maximum affected area (1000 km?)

SMDS 34# September 2005-March 2008 (31) 315.7 270.9

30# August 1998-July 2000 (24) 3174 2422

23# July 1991-June 1993 (24) 297.9 219.7

17# October 1983-August 1985 (23) 313.2 184.1

14# July 1980-May 1982 (23) 3113 2434

35# June 2008-April 2010 (23) 296.7 128.5

7# August 1971-January 1973 (18) 249.9 165.0

10# April 1975-July 1976 (16) 239.8 91.6

32# July 2002-September 2003 (15) 304.8 220.9

31# March 2001-May 2002 (15) 280.6 189.8

18# April 1986-May 1987 (14) 280.7 168.1

29# April 1997-April 1998 (13) 287.6 2214

4# May 1965-May 1966 (13) 287.5 254.9

19# July 1987-July 1988 (13) 245.1 923

33# August 2004-July 2005 (12) 267.7 131.7

SPI 37# November 2005-February 2007 (16) 315.5 293.0

17# April 1981-July 1982 (16) 310.5 198.3

32# August 1998-October 1999 (15) 318.8 316.0

23# October 1988-December 1989 (15) 316.9 269.6

12# December 1974-February 1976 (15) 302.9 203.9

21# November 1985-November 1986 (13) 289.4 165.3

T# November 1967-October 1968 (12) 318.8 2724

5# January 1965-November 1965 (11) 318.8 250.2

19# July 1983-May 1984 (11) 308.5 278.3

35# February 2002-November 2002 (10) 300.5 261.4

28# September 1994-June 1995 (10) 2789 2144

344# March 2001-November 2001 9) 318.1 297.7

26# February 1993-October 1993 9) 291.0 245.5

38# June 2007-February 2008 9) 245.8 1384

11# January 1974-August 1974 (8) 3115 2333

Note: 1. The event no. corresponds to the same No. in Fig. 8.
2. The total affected area means the merged monthly affected area in a drought event, and the maximum affected area refers to the largest affected area for a specific drought
event.
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monthly droughts. Thresholds for drought affected area and dura-
tion are given to keep severe drought events only. In this study,
large-scale droughts events are defined as initial drought affected
areas greater than 20,000 km? (or 6.3% of whole basin area) and
durations longer than 3 months. Based on these thresholds, a total
number of 36 severe drought events were derived from SMDS and
41 events from SPI. Table 2 lists the top 15 severest drought events
ranked by the duration and spatial extent, based on the two
drought indices. In this table, total affected area means the merged
monthly affected area in a drought event, and the maximum
affected area refers to the largest affected area in a specific drought
event.

The durations and total affected areas of the identified
drought events are shown in Fig. 8, in the order of their occur-
ring date. As for drought events derived from SMDS, both the
duration and its total affected area are increasing in the past
51 years. The longest duration was from September 2005 to
March 2008 (31 months in total, event 34# in Fig. 8a and
Table 2). This drought mainly occurred in the northern and cen-
tral parts and moved southward ending in the spring of 2008,
with a total affected area of 315,700 km? (covering 99% of the
whole basin area). The most areal extensive drought is the event
304#, which occurred from August 1998 to July 2000 (24 months
in total) with a total affected area of 317,400 km? (nearly

covering the whole basin area). In addition, the events occurred
in 1965-1966 (event 4#) and 1980-1982 (event 14#) stand out
in their respective decade in terms of duration and affected
area.

Characteristics of the drought events identified by SPI are illus-
trated in Fig. 8b. By contrast, these drought events have shorter
durations but larger affected areas than those based on SMDS
shown in Fig. 8a. The longest duration is only 16 months from
November 2005 to February 2007 (event 37#, also see Table 2).
As for the spatial extent, average total affected area for the total
41 meteorological drought events is 259,300 km? (81% of the basin
area), while the average area of 36 agricultural drought events is
209,900 km? (66% of the basin area). Moreover, average total
affected area of the top-ten extensive meteorological droughts
based on SPI is 317,100 km?, which is also larger than the average
total affected area of 301,300 km? based on SMDS. The shorter
duration of drought events based on SPI can be explained by the
interruption of short wet periods (e.g., March—-May in 2007). These
short wet periods are effective to dampen the meteorological
drought severity, but not relatively influential to ease the soil
moisture drought. While, the possible explanation for the smaller
affected areas of agricultural drought based on SMDS is that this
basin has stronger spatial connectivity in hydrology than in
meteorology.
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5. Discussions
5.1. Relationship between drought duration and affected area

Fig. 9 illustrates the relationship between drought duration
and the total affected area. Each spot refers to a drought event
derived from SMDS or SPI as plotted in Fig. 8. To identify decadal
variation, the drought events are clustered into each decade and
represented by different markers. Scatterplot of SMDS shows that
drought events in the 1980s, 1990s and 2000s generally have
longer durations and larger areas than events in the 1960s and
1970s. In particular, event 34# (September 2005-March 2008)
stands out with the largest spatial and temporal extent among
all the events. Duration-area relationship is then fitted by the
exponential function, with correlation coefficient R=0.79 for
SMDS drought events. For the short duration events (3-
5 months), the plots show a wide range of total affected area
from 37,400 km? to 272,000 km?. When the duration increases
(longer than 10 months), spots tend to converge better to the fit-
ted curve, especially for extremely long-term events. As for the
SPI scatterplot in Fig. 9, the left and upper bounds on the cloud
of points are apparent, which is due to the shorter duration
and larger total affected area of the meteorological drought
events. Thus, the duration-area relationship fitted by the expo-
nential function has a relatively lower convergence than SMDS,
with correlation coefficient R = 0.65.

Based on the empirical fitted duration-area function of
drought events in the past 51 years, the total affected area of a
given drought duration can be approximately estimated. There-
fore, the duration-area relation curves in Fig. 9 not only describe
relationship between temporal and spatial characteristics of
drought events, but also provide an empirical method for the
drought impact assessment. This could be a complement to the
relationship between drought duration and intensity proposed
by the previous study (Sheffield and Wood, 2007).

5.2. Drought impacts on vegetation

As introduced in Section 2.2, annual NDVI of Haihe basin is
increasing by 0.01 per decade from 1982 to 2006 (see Fig. 2d).
This increasing trend is in agreement with reported conditions
by the previous studies in the same region (Zhang et al., 2013;
Piao et al., 2010). Under this increasing background, there are
two apparent declining periods of NDVI, namely 1992-1994
and 1999-2003, which is consistent with the declining periods
of soil moisture as shown in Fig. 3b and with the drought periods
in Fig. 5. Furthermore, the droughts occurred in 1992, 1999 and
2002 are among the most remarkable events in the recent
20 years over North China, both in duration and spatial extent
(Table 2). As a result the drought impacts on vegetation lasted
several years after the drought period ended. In particular, the
1999-2000 drought event is the most severe one in the study
period, and it led to the continuously low NDVI for five years
from 1999 to 2003 (see Fig. 2d).

We further analyzed the correlation between drought indices
and vegetation index to discuss the drought impacts on vegeta-
tion. Based on gridded value of each index, regional mean value
is calculated as the areal average. The annual average SMDS/SPI
is plotted together with A-NDVI, as shown in Fig. 10. The lower
index values of SMDS refer to the wet period, while the negative
values of SPI or A-NDVI reflect a drought period. Correlation
analysis indicates that both of the drought indices are line-
arly-correlated with the A-NDVI at a significance level of 0.05.
Correlation coefficient between the annual areal average SMDS
and A-NDVI is 0.54, and is 0.44 between SPI and A-NDVI. Mean-

while, the correlation between NDVI anomaly and drought indi-
ces is better for the mountain area than for plain area.
Generally, comparison between SMDS and SPI suggests that, in
view of drought influence on vegetation, SMDS is a better
drought index.

6. Conclusions

Meteorological and soil moisture drought indices were calcu-
lated with the continuous precipitation observations and the top
50-cm soil moisture simulated by CLM 4.0 at 0.05° spatial resolu-
tion. The temporal and spatial characteristics of droughts in Haihe
basin during the past 51 years were analyzed using two probabil-
ity-based drought indices (i.e., SMDS and SPI). Differences between
these two indices were compared and the drought impacts on
vegetation were discussed. Based on the results of this study, the
following conclusions can be made.

(1) There is a significant increasing trend in drought affected
area in Haihe basin over the last five decades, especially after
1980. The drought occurred in the early 2000s is the most
extensive and durative one since the 1960s. The plain area
with dense population and farmland has suffered more
severe droughts in the recent 30 years, and the droughts
occurred in 1998, 2000 and 2002 affected larger areas in
plain than in mountain area. Droughts derived from SMDS
and SPI are generally consistent. But for the droughts
occurred in the 1960s, spatial extent derived by SPI is much
larger than that by SMDS, which implies that the shortage of
precipitation does not certainly cause large-scale drought,
because groundwater condition can influence the drought.

(2) Comparative analysis between SMDS and SPI shows that the
meteorological drought event generally has shorter duration
but larger affected area than the soil moisture drought event,
and this can be explained by the difference in spatial con-
nectivity of both meteorology and hydrology in the basin.
Based on the identified drought events (36 events by SMDS
and 41 events by SPI), it can be concluded that the drought
affected area exponentially increases with drought duration,
and the fitted exponential function has an acceptable corre-
lation coefficient. This duration-area relation curve can also
be used to estimate the potential total affected area for a
drought event occurred in this basin.

(3) The annual mean NDVI is increasing since the 1980s in
Haihe basin, however, several severe droughts have serious
impacts on the vegetation growth, which is indicated by
two major declines of NDVI in 1992-1994 and 1999-2003.
This is in good agreement with deficit of soil moisture as
well as identified drought periods.

(4) The two drought indices (i.e., SMDS and SPI) are compared in
view of their relationships with NDVI, and results suggest
that the soil-moisture-based drought index (SMDS) is more
suitable to reflect actual drought condition of terrestrial
ecosystem.

This study used soil moisture of top 50-cm simulated by the
land surface model (CLM 4.0) for calculating the drought index
SMDS, which may introduce uncertainty to the analysis to some
extent. Moreover, human activities on water and land develop-
ment are not included in model simulation, so the drought
situation simulated by the model is more like the natural situation.
Besides, drought impacts on vegetation should take into consider-
ation the dynamic vegetation phenology and compare drought
index with monthly or seasonal average NDVI. The further study
should be carried out in future.
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