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Abstract: The aim of this study is to analyze the characteristics of drought, such as intensity
and trends, based on SPEI (Standardized Precipitation Evapotranspiration Index) at 8 stations in
South Korea from 1981 to 2010. The traditional SPEI is based on the Thornthwaite equation for
estimating evapotranspiration; SPEL_th. However, a standard of agricultural water management in
Korea suggests the FAO Penman-Monteith equation; SPEI_pm. Therefore, we analyzed the intensity,
variability, and trends of drought using SPEI_th and SPEI_pm, respectively, and compared the results.
SPEI_pm showed slightly more intensive drought rather than SPEI_th except for Chuncheon and
Gwangju. In 5 stations—excluding Cheoncheon, Gwangju and Jinju—the cumulative probability
that SPEI_pm was below —1.5 was significantly increased from 1981-1995 to 1996-2010. In addition,
the northwest and southwest regions had higher intensity of 1-month droughts, and the central and
southwest regions had a higher intensity of 3-month droughts. According to the Mann-Kendall
test, there was a decreasing trend of 1-month SPEI during the fall season and 3-month SPEI during
winter season.
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1. Introduction

Drought is the world’s costliest disaster and affects a large number of people every year;
for example, an average cost of 6 to 8 billion US$ is caused annually by global drought [1]. Droughts
are recognized as an environmental disaster [2], and several studies have evaluated the considerable
decrease in water availability caused by precipitation deficit [1,3,4]. In addition, climate change will
aggravate water scarcity [5]. In recent years, the increased intensity and duration of droughts has
dramatically altered the structure and function of grassland ecosystems, which have been forced to
adapt to this change in climate [6]. In particular, extreme climatic events such as droughts are predicted
to become more intense, more frequent, and longer lasting in arid and semi-arid regions [7,8].

There are several definitions of drought based on precipitation, soil moisture, or potential
evapotranspiration [9-12]. Major droughts are defined as meteorological droughts, and consists
of a period of months to years with below-normal precipitation. The SPI (Standardized Precipitation
Index) is used as the general index for evaluating meteorological drought severity. The SPI is based on
fitting and transforming a long-term precipitation record into a normal distribution, and this index
can be computed for different time scales—symmetrically for both dry and wet spells—related to
probability [13]. Many studies have been carried out to evaluate meteorological drought severity
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using SPI [14-16]. However, the SPI is based on precipitation only, and there is a limitation in
evaluating agricultural drought using SPI because agriculture is the most sensitive field to drought
conditions and crop growth. Agricultural drought is a period with dry soils that results from
below-average precipitation, intense but less frequent rain events, or above-normal evaporation, all of
which lead to reduced crop production and plant growth [13]. The SPEI (Standardized Precipitation
Evapotranspiration Index) was developed for evaluating agricultural drought severity in consideration
of meteorological drought and crop evapotranspiration [17]. Accordingly, the National Drought
Mitigation Center (NDMC) developed the monitoring drought system using SPEI [18-20]. In Korea,
several studies have been performed to evaluate drought severity with drought index. The spatial
and temporal drought distribution was analyzed by SPI [21-25]. In addition, the impact of climate
change on future drought has been evaluated in several studies in Korea [26-28]. However, most
research has focused on meteorological drought, but the main problem of drought occurs in agricultural
area. Therefore, an evaluation of drought severity should include both meteorological factor and
crop vegetation.

The original formulation of the SPEI suggested the use of the Thornthwaite (Th) equation for
estimation of evapotranspiration [29]. A few studies have evaluated the drought using SPEI based on
the Thornthwaite equation for calculating evapotranspiration [30]. The evapotranspiration is related to
several factors, including temperature, precipitation, wind, humidity, etc. However, the Thornthwaite
equation only requires the mean daily temperature and latitude of the site, and it was used due
to limited data availability. In addition, previous research has indicated that the Thornthwaite
equation underestimated evapotranspiration in arid and semiarid regions [31], and overestimated
evapotranspiration in humid equatorial and tropical regions [32]. The FAO Penman-Monteith equation
is recommended for calculating evapotranspiration by FAO, because it uses all parameters that govern
energy exchange and corresponding latent heat flux (evapotranspiration) from uniform expanses
of vegetation.

In this study, we applied various methods for assessing the intensity and trends of drought using
the SPEL. First, the SPEI was modified by applying the FAO Penman-Monteith (PM) equation. Second,
the intensity and trends of drought were analyzed by applying the modified SPEI to runs theory and
the Mann-Kendall test.

2. Materials and Methods

2.1. Modified SPEI

The SPEI is based on the original SPI calculation procedure. The SPI is calculated using monthly
(or weekly) precipitation as the input data [17]. The SPEI uses the monthly (or weekly) difference (D)
between precipitation (P) and the reference crop evapotranspiration (ETo). This difference (D) is the
water surplus or deficit for the analyzed month (i), and is calculated using Equation (1):

Di = Pi — ETOi (1)
ETo, is generally calculated using a simple climatic water balance, and it is expressed as Equation (2):

m
ETo = 16K($) ()

where ETo is the reference crop evapotranspiration, T is monthly temperature, I is heat index, K is the
constant, and m is a coefficient depending on I.

However, in Korea, the Penman—-Monteith equation is recommended as the standard for
calculating evapotranspiration when agricultural water demand for constructing an agricultural
reservoir is estimated. Therefore, in this study, the SPEI is modified by applying the Penman-Monteith
equation instead of a simple climatic water balance. Accordingly, the ETo is calculated using the FAO
Penman-Monteith method, as recommended in FAO paper No. 56 [33], which uses all of the parameters
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that govern the energy exchange and the corresponding latent heat flux (evapotranspiration) of
uniform expanses of vegetation. Most of these parameters are measured or can be calculated
from weather conditions. It requires daily, weekly and monthly meteorological data, including
air temperature, humidity, sunshine duration and wind speed. The FAO Penman-Monteith equation
used for 24-h calculations of ETo using daily or monthly mean data can be simplified, and is expressed
as Equation (3):

£1o - Q408(Ra —G) + v (%0 +273)up(es — ea) @)

+ v(1+ 0.34uy)

where ETo is the reference crop evapotranspiration (mm/day), the slope of saturated vapor
pressure/temperature curve (kPa/°C), g the psychrometric constant (kPa/°C), u, the wind speed
at 2 m height (m/s), Rn the total net radiation at the crop surface (MJ/m? day), G the soil heat flux
density (MJ/m? day), T the mean daily air temperature at 2 m height (°C), es is the saturation vapor
pressure (kPa) and e, is the actual vapor pressure (kPa).

The calculated D values by precipitation and ETo using FAO Penman-Monteith method are
aggregated at different time scales. For example, the cumulative difference for one month in a
particular year at a 12-month time scale can be calculated. The SPEI is based on the probability of the
D series. In this study, we performed a goodness of fit test using the Kolmogorov-Smirnov method to
determine the suitable probability distribution function of the D series. The SPEI can be obtained as
the standardized values of probability distribution function of the D series, according to a log-logistic
distribution. The SPEI can be compared with other SPEI values over time and space, and it can be
categorized by dryness/wetness grade (Table 1).

Table 1. Classification of Standardized Precipitation Evapotranspiration Index (SPEI).

SPEI Value Class
More than 2.00 Extremely wet (humid)
1.50-1.99 Severely wet
1.00-1.49 Moderately wet
0.50-0.99 Slightly wet
—0.49-0.49 Near normal
—0.99-—0.50 Mild dry
—1.49--1.00 Moderately dry
—1.99--1.50 Severely dry
Less than —2.00 Extremely dry (drought)

The SPEI can apply different time scales, such as 1-, 3-, 6-, and 12-month scales, and therefore,
it is capable of analyzing both short-term and long-term drought. Generally, there are various
stages of crop development, and each stage lasts around 1 or 3 months. Therefore, we focused
on short-term drought conditions, such as 1- and 3-month time scales of SPEI, which are related to
crop development. In addition, we applied two different methods—the FAO Penman-Monteith and
Thornthwaite methods to estimate evapotranspiration, which is a critical component at the calculation
of SPEL

2.2. Analysis of Drought Intensity through Runs Theory

Drought characteristics includes various drought conditions, such as duration, severity, and
intensity. A probabilistic methodology widely used in drought characterization is the application of
runs theory [34], which allows the estimation of the return periods of extreme events [35]. We applied
runs theory to analyze drought characteristics based on SPEI_th and SPEI_pm. Figure 1 shows the
drought characteristics using the run theory for a given threshold level. A run is defined as a portion
of the time series of a drought variable, in which all values are either below or above the selected
truncation level; accordingly, it is called either a negative run or a positive run [5]. In runs theory,
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drought intensity is the average value of a drought parameter below the threshold level, which is
measured as the drought severity divided by the duration [36]. In this study, we set SPEI of —1 as
the threshold value for identifying drought conditions, with SPEIs below —1 being used to estimate
drought intensity.

+ Run
A

Runs sum (Deficit)

Threshold

| intensity
v

1. Drought wit the highest severity
¥ |e N 2. Drought wit the longest duration
Duration 3. Drought wit the highest intensity

- Run

Figure 1. Drought characteristics using the run theory for a given threshold level [36].

2.3. Analysis of Drought Trends through Mann—Kendall Test

The Mann—Kendall (MK) test [37], a rank-based nonparametric method, is applied in this study
to detect the existence of trend [38]. Under the null hypothesis HO that a series {x1, x2, ..., XN} comes
from a population where the random variables are independent and identically distributed, the MK
test statistic is given by Equation (4):

S=) Y sgn(x—x) 4)
i=1 j=i+1
where,
+1, X; > Xj
sign (xj — xj) = 0, xj=xj
-1, x<x

where S is the test statistic and sign is the function that converts (x; — x;) to £1 or 0.

To avoid the occurrence of equal values, we may add a small uniformly distributed random value
in the interval (0, 0/100), where ¢ is the standard deviation of the series.

Kendall’s S, which measures the strength of the monotonic trend, is estimated by Equation (5):

2S

The variance of S, Var(S), for a situation in which there may be ties (i.e., equal values) in the x
values, is given by Equation (6) [39]:

1 m
02 = 1o [N(N=1)(2N +5) - L il 12 +5) ©)

Under the null hypothesis, the quantity z defined in the Equation (7) is approximately standard
and normally distributed:
(5—1)/os ifS>0
zZ = 0 ifS=0 (7)
(S+1)/0s ifS>0
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With a significance level of 0.05 (or 0.1), the null hypothesis of no trend is rejected if |z| > 1.96
(or 1.645). At a given significance level (0.05 or 0.1), we know the corresponding critical value of z;
accordingly, we can calculate the corresponding statistic S.

2.4. Site Description

In Korea, the precipitation intensity will increase as a result of climate change, and the number
of raining days will decrease [40,41]. In contrast, the crop water demand will increase due to the
increase of evapotranspiration resulting from high temperature. Accordingly, agricultural drought
could become severe in Korea, and it is necessary to understand the characteristics of agricultural
drought with consideration of both meteorological conditions and crop growth, at the same time.

During the past 30 years, Korea suffered from the severe drought damage at least once every
5-8 years [30,42]. In addition, moderate drought has happened annually in the regional and national
area since 1990 [42]. The highest agriculture water demand in Korea generally occurs from May to
August, and the severe drought during this season caused extensive damage to rice production in
1981, 1982, 2000, and 2001 [30]. Accordingly, Korea might be listed as vulnerable to drought, and it is
important to understand the characteristics of drought trends using the drought index.

In this study, eight locations in South Korea, nationwide, were selected, as shown in Figure 2.
The northeast region is representative of mountainous terrain, and the largest farmland is located in
the western region, where there are wild plains. We selected 8 meteorological stations covering the
main agricultural fields. Four stations—the Chuncheon (code: 101), Suwon (119), Cheongju (131) and
Daejeon (133)—are located in the northern and central regions, which are located between 36 and 38° N;
while the others—the Daegu (141), Jeonju (146), Gwangju (156), and Jinju (192) stations—are located in
the southern region, between 34 and 36° N. The annual mean temperature and rainfall for the stations
between 1981 and 2010 were examined, and the results are shown in Table 2. The highest annual mean
temperature among the target locations was observed in Daegue, while the lowest temperature was in
Chuncheon. The largest volume of annual rainfall was observed in Jinju, near the south coast of the
Korean Peninsula.

:*g. tiicheon /
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Figure 2. Locations of the eight meteorological stations.
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Table 2. Climatic characteristics at the eight meteorological stations.

Stations (No.) Annual Mean Temperature (°C) Annual Rainfall (mm)
Chuncheon (101) 11.2 1357.4
Suwon (119) 12.2 1333.3
Cheongju (131) 12.6 1249.8
Daejeon (133) 12.8 1373.9
Daegu (143) 14.2 1076.1
Jeonju (146) 13.4 1317.7
Gwangju (156) 13.9 1385.7
Jinju (192) 13.2 1523.0

3. Results and Discussion

3.1. Calculation of SPEI from 1981 to 2010

To calculate SPEIs, we conducted the goodness of fit by the Kolmogorov—Smirnov method and
identified that the log-logistic distribution was suitable for D series in all stations at a 0.01 significance
level. In addition, the log-logistic distribution can account for negative values, and it is capable of
adopting different shapes to model the frequencies of the D series at different time scales [17]. Table 3
shows the results of the goodness of fit test of the D series in Chuncheon (101) as an example result.

Table 3. Goodness of fit of log-logistic distribution of D series from 1981 to 2010 in Chuncheon (101).

Goodness of Fit of D Series by Kolmogorov-Smirnov

Chuncheon (101) Month Thornthwaite FAO Penman—-Monteith

Static Value Rank * Static Value Rank *
1 0.0871 1 0.11108 11
2 0.1423 21 0.14446 12
3 0.0890 14 0.0873 5
4 0.1020 9 0.06298 2
5 0.1075 21 0.11559 21
6 0.0792 3 0.09832 12
7 0.1210 12 0.11977 14
8 0.0695 5 0.08334 10
9 0.0869 8 0.09027 9
10 0.0917 11 0.13055 3
11 0.1011 15 0.13402 10
12 0.0961 7 0.08922 14

* The rank indicates the rank of Log-Logistic in 65 probability distribution functions.

Based on log-logistic distribution, 1- and 3-month SPEIs were calculated as the drought index
from 1981 to 2010, and the results are shown in Figure 3. According to the Drought Impact Survey
Report in Korea, major drought events occurred in Korea during the periods 1981-1982, 1994-1995, and
2001-2007 [43,44]. The results of the SPEIs in this study are able to reflect these major drought events.
In the northern and central regions, the lowest 1-month SPEIs in August were found for Cheongju and
both the 1-month SPEI_th and SPEI_pm were calculated at —1.6 (severely dry) in 1988, followed by
Chuncheon (—1.6), and Suwon (—1.4). The frequency of drought was higher in the southern region
than the northern and central regions. In 1994, the 1-month SPEI_th and SPEI_pm in July were —2.6
and —2.3 (extremely dry), respectively in Daegu. In addition, SPEIs below —2.0 were estimated for
Jeonju, Gwangju, and Jinju in July, 1994. With regard to 3-month SPEIs, drought conditions were
shown clearly in 1994. In particular, short-term drought conditions continued during 1994-1997 and
2006-2009. These results indicated that more severe short-term drought had occurred in recent years,
especially in the southern region, rather than the northern and central regions, as shown in Figure 3c,d.
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Figure 3. 1- and 3-month SPEIs at 8 stations from 1981 to 2010. (a) 1-month SPEI th, (b) 1-month

SPEI_pm, (c) 3-month SPEI_th, (d) 3-month SPEI_pm.
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3.2. Analysis of Intensity and Frequency of Drought

The drought intensity based on SPEI_th and SPEI_pm was analyzed at each station using
runs theory, as shown in Figure 4, which also displays the distributed drought intensity using
inverse distance weight interpolation as the background. 1-month SPEI_pm showed slightly more
intensive drought than 1-month SPEI_th at most of the stations, except for Chuncheon and Gwangju.
In particular, in Suwon, drought intensity obtained from 1-month SPEI_pm was 1.47, but 1-month
SPEI_th showed 1.41. In the case of 3-month SPEIs, the southern and central regions had more intensive
drought than the northern region. In particular, Gwangju and Daejeon showed the highest-intensity
drought from both 3-month SPEI_th and SPEI_pm. To sum up, the northwest and southwest regions
had a higher intensity of 1-month drought, and the central and southwest regions had a higher
intensity of 3-month drought. In particular, the largest farmlands are located in the southern and
western regions; thus, the impacts of drought on agriculture could be serious in Korea.

We also analyzed the probability of drought occurrence when estimated using the cumulative
curves of SPEL First, the SPEI was calculated for the total period (1981-2010); after that, we collected
SPEI results during each period (1981-1995 and 1996-2010). Finally, we analyzed the cumulative curves
of SPEI for the two periods, respectively, as shown in Figure 5. At 5 stations—excluding Chuncheon,
Gwangju and Jinju—the cumulative probability that 1-month SPEI_pm was below —1.5 increased
significantly from 1981-1995 to 1996-2010. The greatest increase of cumulative probability was shown
in Jeonju (4.8% increase), followed by Cheonju (4.5% increase), Suwon (4.4% increase), Daejeon
(3.3% increase), and Daegu (1.7% increase). In the case of 3-month SPEI_pm, in Daejeon, Daegu,
Jeonju and Suwon, the cumulative probability that 3-month SPEI_pm was below —1.5 decreased from
1981-1995 to 1996-2010. The greatest increase of cumulative probability was shown in Jeonju, from
4.4% (1981-1995) to 7.8% (1996-2010), followed by Daejeon from 5.6% to 6.7%. However, Chuncheon
and Gangju showed an increase in the cumulative probability that 3-month SPEI_pm was below —1.5;
in particular, the cumulative probability that 3-month SPEI_pm was below —1.5 in Chuncheon during
the period 1981-1995 was 8.9%, and it decreased to 2.8%.

Drought intensity
through 1M-SPEI_th
High : 1.5

TR _ Daegu

[ ]
Jinju ’
(] & Toa .
N

80 120 60
Kilometers
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Figure 4. Cont.
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Figure 4. Intensity of drought obtained by applying SPEI_th and SPEI_pm to runs theory. (a) Intensity
of drought based on 1-month SPEI_th., (b) Intensity of drought based on 1-month SPEI_pm.,
(c) Intensity of drought based on 3-month SPEI_th, (d) Intensity of drought based on 3-month SPEI_pm.

3.3. Analysis of Variability and Trends of Drought

In the Korean peninsula, meteorological characteristics are classified into four seasons of 3 months:
Winter (December—February: DJF), spring (March-May: MAM), summer (June-August: JJA), and
fall (September—-November: SON). Table 4 indicates the trends of seasonal drought based on MK
tests of 1-month and 3-month SPEIs. The trends of SPEI_th varied by season and region. In the SON
season, 5 stations (Cheongju, Daejeon, Daegu, Jeonju, and Gwangju) had a decreasing trend of 1-month
SPEI_th at a 0.05 significance level. In the MAM season, a decreasing trend of 1-month SPEI_th was
observed in Jeonju, but an increasing trend of 1-month SPEI_th was shown in JJA. However, the trends
of 1-month SPEI_th in MAM and JJA were not significant at the 0.05 significance level. The 1-month
SPEI_pm showed similar trends to the 1-month SPEI_th; for example, Jeonju had a decreasing trend of
1-month SPEI-pm at the 0.05 significance level. In the SON season, only 2 stations (Daejeon and Jeonju)
had a decreasing trend of 1-month SPEI-pm at the 0.05 significance level. Table 5 indicates the trends
of 3-month SPEIs, and it showed that the drought in the winter season (DJF) has become more severe.
In addition, the trend of 3-month SPEI_pm showed that spring drought has also become more sever,
especially in the southern region (Daegu and Jeonju).
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Figure 5. Cumulative probability curves of 1- and 3-month SPEI_pm for different regions. (a) 1-month
SPEI_pm, (b) 3-month SPEI_pm.
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Table 4. The results of the Mann-Kendall (MK) trend test for 1-month SPEI_th and SPEI_pm.

Z Score
SPEIs Regions Stations (No.)

DJF MAM JJA SON

Chuncheon (101) 0.17 0.00 1.59 —-1.03

Northern and Suwon (119) —0.25 —0.36 1.59 —1.30
Central Cheongju (131) —0.36 0.03 0.68 —2.37*%
Daejeon (133) 0.22 0.13 0.51 —246*

SPEI_th

Daegu (143) 0.06 —0.36 —0.38 —2.30*
Jeonju (146) —-0.16 —-1.25 0.72 —3.65*
Southern Gwangju (156) 125 0.37 1.35 239+

Jinju (192) 0.17 0.79 0.17 —1.38

Chuncheon (101) 0.11 0.63 1.78 —0.38

Northern and Suwon (119) —1.32 —-0.17 1.75 —1.11

central Cheongju (131) —0.96 0.13 0.91 —1.68
Daejeon (133) ~0.33 —0.24 0.69 —225*

SPEI_pm

Daegu (143) —0.23 —0.21 —0.03 —1.35
Jeonju (146) —0.80 —1.61 0.88 —3.55*

Southern Gwangju (156) 0.99 0.37 1.52 ~1.88

Jinju (192) 1.14 0.75 0.19 —0.99

* Statistically significant at the 5% level.

Table 5. The results of the Mann-Kendall (MK) trend test for 3-month SPEI_th and SPEI_pm.

Z Score
SPEIs Regions Stations (No.)

DJF MAM JIA SON

Chuncheon (101) —0.48 1.29 2.16* 0.75

Northern and Suwon (119) —2.36*% 0.06 3.01* 0.48

central Cheongju (131) —2.83*% -0.27 1.27 0.14

Daejeon (133) —2.15% 0.41 1.32 0.10

SPEI_th

Daegu (143) —-1.90 —2.02* 0.23 —0.87
Jeonju (146) —328*% 156 0.64 —0.63

Southern Gwangju (156) -1.38 0.10 1.07 0.50
Jinju (192) 042 051 0.95 ~0.79

Chuncheon (101) —0.52 147 2.67 * 1.15

Northern and Suwon (119) —3.16* —0.34 3.26* 0.72

central Cheongju (131) —-326* —0.59 1.84 0.49

Daejeon (133) —2.65* —0.33 1.39 0.25

SPEI_pm

Daegu (143) —-1.59 —2.05* 0.89 —0.27
Jeonju (146) —3.88 * —217* 0.75 —0.54

Southern Gwangju (156) —1.46 —0.02 1.38 0.68
Jinju (192) ~0.03 0.50 1.03 —0.67

* Statistically significant at the 5% level.

4. Conclusions

Drought characteristics including duration, severity, and intensity were analyzed at 8 stations
using the modified SPEI from 1981 to 2010. The SPEI is the representative drought index, and considers
both precipitation and evapotranspiration, which are essential factors for evaluating crop growth.
In this study, the SPEI was divided into SPEI_th and SPEI_pm, depending on ETo equations such as
the Thornthwaite and FAO Penman-Monteith. It is hard to determine which SPEI is most correct or
suitable for analyzing drought conditions. However, it is important to understand what is different
between SPEI_pm and SPEI_th. As the results of drought intensity, the SPEI_pm identified drought as
being more intensive than SPEI_th, even when the same climate data were given.
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The FAO Penman-Monteith equation is recommended for estimating evapotranspiration;
therefore, SPEI_pm might be recommended as a drought index over SPEI_th. However, the FAO
Penman-Monteith equation requires various variables; therefore, the Thornthwaite equation,
which is a simple approach, can be feasible in specific regions. Accordingly, this study can be
used to review whether the Thornthwaite approach can derive comparable results to the FAO
Penman-Montheith equations.

We also analyzed the trends of time-series SPEIs using the MK test. The increasing trend of SPEIs
was shown for the fall season, and the cumulative probability that the SPEI_pm was below —1.5 also
increased significantly. These results indicated that the frequency of severe drought had increased
between 1981 and 1990.

However, precipitation has a high natural variability over time and space, and SPEI is strongly
dependent on the study period. The trend analysis of SPEI for 30 years might not be enough to
interpret the trend of drought. In spite of these limitations, this study is able to show the drought
characteristics for an exact period, including more recent or future seasons. In particular, climate
change affects the aggregate of severe drought. Accordingly, the analysis of drought trends could be
useful for coping with agricultural drought under climate change conditions.
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