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Abstract

This study established a K drought monitoring model to determinate the start, duration, and strength
of drought. Based on 586 meteorological stations’ conventional observation data in China from 1961
to 2015, we calculated the elements and parameters needed to structure the model. Because soil has a
memory of its antecedent moisture change, the drought intensity of a day is determined by the moisture
content of the day and earlier days. Furthermore, the change of moisture content depends not only on
precipitation but also on the temperature associated with evaporation. In order to consider the impact
of previous precipitation and evaporation on the present drought, we made a cumulative treatment of
previous precipitation and reference evapotranspiration. However, the influence degree of the antecedent
precipitation and reference evapotranspiration on soil moisture is weakened closer to the present day. This
means that the contribution of the precipitation and reference evapotranspiration in earlier days to present
soil moisture decays over time. After comparison between the exponential decay form and the linear decay
form of the previous precipitation and reference evapotranspiration, the scheme of linear decay form is
selected. Then, a K drought monitoring model was established to consider the antecedent precipitation and
reference evapotranspiration accumulation and their decay influence. The proposed K drought monitoring
model can be used to evaluate the timing of drought onset, evolution process, and severity.
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Introduction

Drought is a common occurrence in the world and
can occur anywhere. Losses caused by meteorological
disasters — especially droughts — have been increasing of
late and, consequently, seriously threaten the sustainable
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development of the social economy and environment
worldwide [1-2]. China is one of the countries with the
most serious meteorological disasters in the world. For
China as a whole, the losses of meteorological disasters
account for more than 70% of total losses of all natural
disasters. Also, drought disasters account for more than
50% of meteorological disasters in China. So among
natural disasters, drought has the most affected area and
can result in the most serious losses in China — especially
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in agricultural production [3]. Zhai et al. [4] pointed out
that the most severe droughts that covered large areas
mainly occurred in northern and western China during
the mid-to-late 20" century; however, they were located
in southwestern China in the early 21% century. According
to the released data from the Bulletin of Flood and
Drought Disasters in China, the average annual affected
agricultural area and the annual loss of grain resulting
from drought from 1950 to 2007 are 21.7 million hectares
and 15 billion 800 million kg, respectively. Taking an
extra-seasonal (from autumn to spring) serious drought
for the period 2010-11 occurred in the middle and lower
reaches of the Yangtze River as an example, and the direct
economic losses resulting from this drought disaster
reached RMB 14.94 billion. It also caused difficulty for
drinking water involving 4.236 million people and 1.07
million livestock.

Under the background of global warming, drought
has shown a trend of stronger intensity, higher frequency,
and wider range in the world [5-7]. Drought may become
more severe and widespread, and also a threat to crops
that compromises food production capacity and food
security [8]. Droughts can be especially devastating since
reduced agricultural productivity may raise serious food
security and other public health concerns in developing
countries. However, the impact of today’s droughts both
in Central Europe and globally are more complex and
often also affect many other sectors besides agriculture.
Most notable are drought impacts on transportation,
energy production, tourism and recreation, ecosystem
services, and health, as well as broader environmental
and social impacts [9]. Facing this serious drought
situation, the monitoring and early warning of drought
is very necessary both in scientific research and to
decision-makers. A global drought early warning system
(GDEWS) has been constructed to reduce vulnerability to
anatural hazard by providing users such as relief agencies
or national authorities the maximum possible lead time
to put mitigation strategies into place [10]. Undoubtedly,
people have been exploring effective ways to achieve the
purpose for drought monitoring and early warning.

Reviewing the research development of drought
monitoring and early warning, it can be found that one
of the most effective ways to monitor and quantify the
areal extent and severity of drought is to use a drought
monitoring model (called drought index). Jason et al.
[11] pointed out that the drought indices are a useful
component of drought warning systems. Different
drought indices have been developed and applied for
drought monitoring [12]. At present, no fewer than
100 kinds of drought monitoring index have been
proposed to quantitatively characterize drought. The
most well-known drought monitoring model is the
Palmer drought severity index (PDSI), which has been
called a milestone in drought monitoring. According
to the results of research and taking the widely used
drought indices as an example, the drought monitoring
models or drought indices are usually divided into three
categories:

1. Considering precipitation only, e.g., the standard
precipitation index (SPI) [13-14], the precipitation
anomaly (Pa) [15], the Munger index [16], and the
Blumenstock index [17].

2. Considering the difference between precipitation and
evaporation, such as the standardized precipitation
evapotranspiration index (SPEI) [18], drought index
H [19], drought index DRI [20], and the composite
drought index (CI) [21].

3. Considering surface water balance, ¢.g., the Palmer
drought severity index (PDSI) [22].

However, it is well known that drought in an area
depends not only on precipitation, but also temperature.
So a drought monitoring model or a drought index,
which only considers precipitation alone (for example
the first category of the index mentioned above), is not
comprehensive. The second type of index mentioned
above, which is defined by the difference between
precipitation and evaporation, has its advantages
compared with the drought index defined by precipitation
alone, but there are still shortcomings. As far as index H
[19] is concerned, if H is less than 0, from its definition
that means the amount of precipitation cannot meet the
needs of evaporation in the average state, and the climate
is dry. So these kinds of drought indices are suitable for
determining a regional long-term climate dry or wet
state, but this state is different from drought conditions.
Namely, drought refers to a temporary period relatively
short in precipitation, but the climate dry state refers to
a period permanently short in precipitation. Drought can
occur everywhere, whether the area is arid or humid,
but the climate dry state exists only in an arid climatic
zone. The major limitation of the SPEI is that it can only
be used to determine the drought on a monthly scale or
longer. The SPEI cannot be used to measure drought
for less than a week. For the CI, in the process of daily
drought monitoring, the phenomenon of uncontinuous
enhancement of drought (UED) appeared due to the
assumption that the daily precipitation of the previous
30 and 90 days carried equal weight to the contribution
to drought development [23]. The PDSI is a well-known
index to monitor drought and it also takes into account
the effects of precipitation and evapotranspiration on
drought. But the PDSI requires soil moisture data to join
the index calculation, and actually most stations lack the
soil moisture data in the present condition. So the PDSI is
difficult to apply to real-time operation applications due
to the shortness of soil moisture data [24].

Therefore, based on the above previous studies and
in view of the deficiency of the existing drought indices,
this study aims to establish a drought monitoring
model, constructed not only by precipitation but also
by evapotranspiration. In the meantime, it is important
to consider the accumulation and attenuation effects
of precipitation and evapotranspiration on drought
for improved understanding of the process of drought
occurrence, development, and relief. In other words,
we must develop such a drought monitoring model in
this study to measure the daily drought extent affected
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by precipitation and evapotranspiration with the aim to
determine the timing and strength of a drought.

Drought is an extreme climate event that consists of
climatic uncertainties induced by the environment. Thus,
the threshold of drought onset as well as the thresholds of
different drought severity levels, which are expressed by
the drought indices, will necessarily involve the extreme
value theory. Zhang et al. [25-28] have carried out a large
number of theoretical works and practical applications
in the aspect of the extreme value model. Some types
of extreme value distributions and the corresponding
basic formulas were given in these literatures. Take the
generalized extreme value (GEV) distribution as an
example; a drought index based on the GEV distribution
was used in our past works [29-30]. But the drought index
defined in this paper and its thresholds of drought severity
levels are divided according to the percentile method
following the approach of Svoboda et al. [31]. And this is
also a conventional method in the drought grade division.

Study Area and Data

The study area in this paper is mainland China and
Hainan Island. In this study area, 586 observation stations
were selected (Fig. 1).

Climate data used in this work — daily precipitation,
daily maximum and minimum temperatures, sunshine
hours, relative humidity, and average wind speed
from 1961 to 2015 — are provided by the National
Meteorological Information Centre (NMIC) of the
Chinese Meteorological Administration (CMA), and have
passed quality control.

Construction of the Drought
Monitoring Model

The Basic Idea

The occurrence of drought is determined by the
shortage of precipitation and the rise of temperature.
So the extent of drought depends on the precipitation
reduction and temperature increase degrees. But there
is a concept we must make clear: that the occurrence of
drought is a relative slow development process rather
than an instantaneous event. If there is no precipitation
in the present day, drought may not happen immediately.
Of course, if there is no precipitation for a long time,
drought may happen one day. The key problem is to look
for the date of the “one day” — namely the start date of
the drought occurrence. Then it is necessary to clarify the
mechanism of the effects of precipitation accumulation
and attenuation in previous periods on recent drought.
In order to obtain this understanding, we have carried
out relevant research and have found that most droughts
are caused by a precipitation deficit within three months
[32]. Among these study samples, 50% of droughts were
caused by a one-month (30 days) deficit in precipitation.
A deficit of three months (90 days) in precipitation
accounted for 30% of the droughts, and that caused
by deficit over three months (usually five months, i.e.
150 days) in precipitation is less than 20%. The above
results reveal that the state from precipitation deficit
to drought-forming needs to go through a changing
process that is related to soil moisture. This is the inherent
decay mechanism of the soil-land surface system, which
is caused by the demands of the water balance [33]. These
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Fig. 1. Spatial distribution of observation stations used in this study (dots) and the names of different provinces that are mentioned in the
text below; blue lines denote locations of the Yangtze, Huai, and Yellow rivers.
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demands are related to the accumulation and attenuation
of precipitation and evapotranspiration.

The Construction Process of the Model

Based on the above basic ideas, a simple physical
drought-monitoring model is constructed and involved in
the contribution of precipitation and evapotranspiration
to the formation of drought.

Here we call this model as K drought monitoring
model, it can be expressed as

K=PJE o

...where K represents the daily drought monitoring
index value calculated from the model by using the
daily data of observation stations, and P' and E' are the
relatively variable rates of precipitation and reference
evapotranspiration, respectively.

The P'is given by

P'=P/P .

...where P is the cumulative precipitation of any given
day, P is the latest 30-year average amount of precipi-
tation (i.e. climate normal) corresponding to the above
given day. The data of P is obtained from the observation
stations.

E'is given by

4
E'=E[E -
...where E is the cumulative reference evapotranspiration
of any given day (the same day as that of P), and E
is the latest 30-year average amount of reference
evapotranspiration (i.e., climate normal) corresponding
to the above-given day. In this paper, E is calculated by
using the FAO Penman-Monteith method [34].

Using the daily meteorological data, the cumulative
precipitation and reference evapotranspiration at
a certain number of days prior to the present day can be
calculated. The question is how to determine the number
of days prior to the present day of the meteorological
factors that continue to affect drought and how to
consider their decay types. From the understanding of
section the Basic Idea, we can select 30, 90, and 150 days
as the number of days prior to the present day to repre-
sent the meteorological factors that continue to affect
drought within one, three, and five months, respectively.
Usually, there are two types of decay modes, i.e.,
exponential and the linear types. In the study by Lu
[33], the exponential decay mode was considered when
the influence of previous precipitation on drought was
analyzed. Here, a comparison of the two decay modes is
given in order to select the better one. The linear decay
mode can be expressed as follows:

N
P=Y (an+b)P,
=0 @

N
E= Z (an+b)E,
n=0 (5)

The exponential decay mode can be expressed as
follows:

P= i c"P,
=0 ©)
N

E=YC"E,
n=0

™)

...where #n is the number of the day prior to the present
day; N is the number of earlier days from the present
day (which can be determined as N = 30, N = 90, or
N = 150, respectively, according to the considered time
length of precipitation and evapotranspiration cumulative
and attenuation); P and E are the same as in Equations
(2) and (3); P, and E are the precipitation and reference
evapotranspiration of day n, respectively; a, b, and ¢
are the parameters, where a and b are the slope and the
vertical intercept of the linear decay mode, respectively,
and c is the horizontal intercept (tend to be zero) of the
exponential decay mode.

Fig. 2 shows the different contribution rates of
precipitation and evapotranspiration to drought under
two kinds of decay models and different V. It is clear that
at the same contribution rate and with the same A, the
number of days from the present day is different under
the different modes. This means that the contribution
of the precipitation and evapotranspiration cumulative
timescale to drought under different attenuation modes
is different. In the specific application, the major issue is
how to select the NV and decay modes.

As far as Nis concerned, here taking it as 90 according
to the existing research results, which pointed out that
more than 80% of droughts were caused by a three-months
(90-day) deficit in precipitation [32]. Selecting N as 90 can
ensure that the memory time effect of precipitation in the
soil is fully considered in the majority (account for 80%)
of the drought events.

For the choice of mode, namely which attenuation
mode can describe the contribution of precipitation
attenuation to drought better, we will discuss this issue
in the next section.

Comparison between the Two Decay Modes

With taking N as 90, we obtained the daily values of
the K drought index that have considered precipitation
and reference evapotranspiration of the previous 90 days
from the present day. The daily values of the K drought
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Fig. 2. Contribution rates of precipitation and evapotranspiration to drought with the N (number of earlier days from the present day)

being 30, 90, and 150 days for two kinds of decay modes.

index for considering linear decay mode can be obtained
from Equations (4) and (5). The daily values of the K
drought index for considering exponential decay mode
can be obtained from Equations (6) and (7).

A good drought index should not only be able to
accurately monitor the extent and strength of drought
(i.e., the spatial variability of drought at a span of time),
but also to accurately characterize the whole process of
drought start, development, duration, mitigation, and
release (i.e., the temporal variability of drought at a place).
For the different decay forms of the index, which one is
more able to indicate the temporal variation of drought
will be determined in the following way.

It is well known that a rare severe drought disaster
occurred from autumn 2009 to spring 2010 in
southwestern China. During this period precipitation
in the region was not even 200 mm — less than half of
that in normal years. The scope of the drought reached
Yunnan, Guizhou, Guangxi, and Sichuan provinces. This
drought had a strong impact on agriculture and life in
the region. According to the statistics of the Civil Affairs
Department, the number of drought-affected people
reached 61.3 million, the affected area of crops was
5.03 million hm?, and the direct economic loss was
23.6 billion yuan.

In 2011 a serious spring drought occurred in Jiangsu,
Zhejiang, Anhui, Hubei, Hunan, and Jiangxi provinces
and in the city of Shanghai in the middle and lower
reaches of the Yangtze River. According to incom-
plete statistics [35], the affected area of crops was
12.2 million hm? in Jiangsu, Anhui, Hubei, Hunan, and
Jiangxi provinces, and the direct economic loss was
5.4 billion yuan in Jiangsu and Anhui provinces alone.

These two drought events were selected as examples
to be analyzed in this paper. For simplicity, selecting
Xingren of Guizhou provinces as the representative
station in the drought occurred from autumn 2009 to
early spring 2010, and selecting Macheng of Hubei
provinces as the representative station in the drought
occurred from the winter to spring 2011. Here it should be

noted that the seasons for a year are divided according to
the definition of climatic season, i.e., from December last
year to February in this year as defined as winter, from
March to May as defined as spring, from June to August
as defined as summer, and from September to November
as defined as autumn. Fig. 3 shows the evolution of the
daily K-index values in drought monitoring based on two
different attenuation modes and the accompanying daily
precipitation. The detail categories of drought severity
(threshold levels) about K index refer to literature [36],
from the definition of K index, the smaller the value of
K, the more severe the degree of drought. In Fig. 3 it
shows clearly that the different modes influence much the
detections of the drought. For the daily value of K drought
index with exponential decay mode, the most obvious
feature is the jagged change of the daily value with the
up-and-down fluctuations. Combined with change of
daily precipitation to analyze, the change of index is more
sensitive to that of precipitation. But for the daily value of
K drought index with linear decay mode, the change of
the daily value is relatively flat.

This means that the K drought index based on
the linear decay model is better to reflect the develop-
ment process of drought than that based on the expo-
nential decay pattern, because the process of drought
occurrence is a slowly changing process and its extent
is gradually increased. Namely, its evolution is an
experience from no drought, to incipient drought, to
moderate drought, and then to severe drought — rather
than a sudden present direct from incipient to severe
drought. In the case of drought relief, when a small amount
of precipitation occurs, the degree of drought relief is
not obvious, and only a large amount of precipitation
may alleviate drought. From Fig. 3 we can see that
the K drought index based on linear decay can reflect
the slow accumulation process of drought occurrence
and development, and also can reflect the effect of
precipitation amount on drought mitigation, while the K
drought index based on exponential decay cannot reflect
these characteristics.
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Fig. 3. Change of the daily K-index values under two different attenuation modes and the observed daily precipitation a) Xingren Station
in Guizhou Province b) Macheng Station in Hubei Province (the smaller the value of K, the more severe the degree of drought).

Application of the K Drought Index Based on
Linear Decay

We previously tested the ability of K drought index to
describe characteristic of the drought process with two
representative stations for two drought events. The final
results show that the K drought index based on linear
attenuation can better characterize the drought process.
So in this Section, we are still selecting the same two

drought events, and here to test the ability of K drought
index (based on linear attenuation) to monitor the drought
intensity and extent.

A very serious drought occurred from autumn
2009 to spring 2010 in southwestern China due to the
abnormal low precipitation and high temperature in this
area. Fig. 4 presents the monitoring results of drought
extent and strength of autumn 2009 to spring 2010
by use of the K index. Since Oct. 2009, most areas of
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Fig. 4. Monitoring of drought spatial extent and severity by index K in southwestern China from autumn 2009 to spring 2010 at different
months: a) November 2009, b) December 2009, c¢) February 2010, and d) March 2010.
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Fig. 5. Monitoring of drought spatial extent and severity by index K in middle and lower reaches of the Yangtze and the Huai river basins

in spring 2011 at different months: a) March 2011 and b) May 2011.

Yunnan Province appeared to have less precipitation and
higher temperatures. In November and December 2009
an obvious drought occurred across most of Yunnan
(Figs 4a-b). In January 2010 the intensity and extent
of the drought were essentially constant (not shown).
In February 2010 the scope of drought stretched to the
east to Guizhou, eastern Hunan, and northern Guangxi
provinces, and at this stage drought intensity reached the
strongest degree (Fig. 4c). In March 2010 the scope and
intensity of the drought weakened (Fig. 4d). The drought
ended in April 2010 (not shown).

Fig. 5 shows the monitoring results of drought extent
and strength in spring 2011 by use of the K index. In
March 2011 the drought was located in the middle and
lower reaches of the Yangtze River and south of the
Huai River (Fig. 5a).The more serious drought occurred
in northern Hunan Province. Based on the data from
the Impact Assessment of Spring Climate of Hunan
Province, in the most serious drought period the drought-
affected area in this province was 9 million hectares,
and 0.11 million people and 0.42 million large livestock
encountered drinking water difficulties. In April 2011
drought intensity continued to develop in most of the
middle and lower reaches of the Yangtze and Huai. An
especially heavy drought struck northern Hubei, Anhui,
western Jiangsu, and southwestern Hunan provinces
(not shown). In May 2011 drought intensity increased in
northern Hunan, northern Jiangxi, northern Zhejiang, and
southern Jiangsu provinces, and at the junction of Anhui
and Hubei provinces (Fig. 5b). The K drought index can
well reproduce these drought characteristics.

Conclusions and Discussion

The drought of an area depends not only on a change
of precipitation, but also on a change in temperature. To
meet the above conditions, an index can to monitor drought
was constructed in this paper — the K drought index — by
taking into account both precipitation and temperature
simultaneously. So from the construction process of the
K drought monitoring model we can understand that the

K drought index calculated from the model had a clear
physical meaning. The K drought index is currently
taken as a linear attenuation form of precipitation and
evapotranspiration; this means that the days before the
present day within the period of the scale are treated
unequally with the contribution of precipitation and
evapotranspiration to the drought. For the requirement of
operational monitoring, a drought index should be able to
measure the daily drought extent so that it can determine
the start, duration, and strength of the drought event. We
showed previously that the K drought index can meet the
above requirements. Therefore, the index can be used to
monitor drought and to analyze the spatial and temporal
variability of drought extent and strength. It also has the
following advantages:
— It considers the dominant factors of the affecting
drought: precipitation and evapotranspiration.
— It catches the water budget.
— Multi-region adaptability as the subregion defines
drought level thresholds.
— Multi-time scale adaptability — monthly scale, day
scale.
— Easily calculated.

Of course, any drought model has its advantages and
disadvantages and the K drought model is no exception.
In this paper, the monitoring accuracy of the K model was
discussed, and its error analysis can refer to our previous
works [29, 37].

The purpose of this paper is to provide a drought
index with clear physical meaning, easy access to data
and simple calculation, and the capability of day-to-day
monitoring of the start, duration, and intensity of drought.
Through the above analysis of some examples in this
paper, the purpose has been achieved. However, we can
see that the drought index here is more reflected in the
meteorological drought situation. But in fact, how does
the meteorological drought affect crops and how long
of a time and how much is the degree of impact? These
problems are also worthy of further study. So, in order
to provide more suitable means for the practical appli-
cation and better suggestions to decision-makers,
considering the different crops and their different
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growth periods in different regions is necessary for this
drought monitoring model. These needs will continue to
be studied in the next step.
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