Natural Hazards (2019) 99:1-16
https://doi.org/10.1007/511069-019-03676-3

ORIGINAL PAPER

®

Check for
updates

Characteristics of drought propagation in South Korea:
relationship between meteorological, agricultural,
and hydrological droughts

Hyedeuk Bae'® . Heesook Ji' - Yoon-Jin Lim' - Young Ryu' - Moon-Hyun Kim' -
Baek-Jo Kim'

Received: 1 March 2017 / Accepted: 17 July 2019 / Published online: 20 September 2019
©The Author(s) 2019

Abstract

To investigate the propagation of meteorological droughts to agricultural and hydrological
droughts, the relationship between droughts was analyzed using observed precipitation and
agricultural reservoir and dam storage levels with SPI from 1998 to 2015 in South Korea.
For the relationship between different types of droughts, we find that the occurrence of
meteorological droughts after concentrated precipitation in the wet season (from June to
September) tends not to lead to agricultural or hydrological droughts. A lack of precipita-
tion from April to September, when large volumes of irrigation water are consumed, trig-
gers both meteorological and agricultural droughts. In the case of hydrological droughts
propagated from meteorological droughts, precipitation deficits in the dry season (between
October and March) caused decrease in dam storage levels only. The occurrence of all dif-
ferent types of droughts is associated with extreme meteorological droughts, which are
mainly caused by precipitation deficits in the wet season or prolonged rainfall shortages;
in these cases, meteorological droughts led to agricultural and hydrological droughts. An
analysis of the seasonal characteristics of storage level changes that in the wet season,
agricultural reservoir storage levels are more dependent on precipitation deficits than dam
storage levels. On other hand, when precipitation deficits were recorded in the dry season,
agricultural reservoir storage levels went up, but dam storage levels dropped. The propaga-
tion of meteorological droughts to agricultural and hydrological droughts depends not only
on drought severity but also on the drought timing. These findings may contribute to estab-
lishing a comprehensive drought monitoring system.
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1 Introduction

Droughts are one of the most serious natural disasters which are characterized by wide-
spread, prolonged damage to various aspects of the environment, society, and economy.
Damage from droughts is a consistent problem for many countries around the world. For
example, drought damage in the USA is thought to exceed an average of $10 billion per
event (NCDC 2016). In an attempt to better understand and more effectively respond to
droughts, many studies have been conducted around the world to investigate the periodicity
of droughts (Nicholson 1983; Meshcherskaya and Blazhevich 1997; Cancelliere and Salas
2010) and the atmospheric processes associated with droughts (Mo et al. 1997; Naithani
et al. 2012; Stoll et al. 2013); other studies have analyzed teleconnection patterns associ-
ated with droughts (Chiew et al. 1998; Zhu et al. 2010; Choi et al. 2013; Wang et al. 2015)
and have developed a drought index (Palmer 1965; Mckee et al. 1993).

Droughts can be generally classified into four closely related categories: meteorological,
agricultural, hydrological, and socioeconomic (Wilhite and Glantz 1985). Meteorologi-
cal droughts can be determined and defined according to precipitation deficits, and these
droughts can lead to other types of droughts. Agricultural drought links various character-
istics of meteorological drought to agricultural impacts, focusing on precipitation short-
ages, differences between actual and potential evapotranspiration, soil water deficits, and
reduced reservoir levels (Botterill and Fisher 2003). Hydrological droughts refer to a lack
of water in the hydrological system and it can be defined as reduced river flow as well as
decreasing water levels of dams, lakes, and underground water on the basin scale (Kumaz
2014). Socioeconomic droughts can be defined as economic, social, and environmental
damages caused by different types of droughts. There have been many comparative analy-
ses and studies focused on linking drought indices to drought types to allow a more com-
prehensive understanding of the relationships between different drought types (Keyantash
and Dracup 2002; Vasiliades and Loukas 2009; Vicente-Serrano et al. 2012). Research was
conducted with a focus on the integration of multiple drought indices for establishing com-
prehensive drought information system; an example is the development of a single drought
index from existing meteorological, agricultural, and hydrological indices (Brown et al.
2008; Karamouz et al. 2009; Mo and Lettenmaier 2014; Rajsekhar et al. 2015; Hao et al.
2016). Also, Huang et al. (2017) and Leng et al. (2015) studied the propagation from mete-
orological drought to agricultural and hydrological droughts in China using the correlation
and comparison among each type of drought index. Such studies have proved useful for
applicability assessments and understanding the relationships between each drought index,
but using only drought indices is inadequate for a thorough understanding of drought char-
acteristics and propagation between drought categories. It is desirable to understand obser-
vation-based drought relationships and how they can serve as the foundation of a drought
response assessment. Drought propagation process, which is necessary for establishing
comprehensive drought monitoring systems, requires further study using long-term obser-
vations to evaluate each type of drought.

Recently, the Korean Peninsula has faced severe droughts for more than 3 years
(2013-2015); during this period, the annual precipitation was less than 35-50% of nor-
mal levels (Kwon et al. 2016). Droughts on the Korean Peninsula are more likely when
the summer monsoon season is relatively short (Zhang and Zhou 2015). In South Korea,
precipitation is normally concentrated in the summer, when 70% of precipitation usually
occurs. For this reason, the water supply in South Korea is managed through the operation
of reservoirs or dams; the government agencies responsible for responding to agricultural
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and hydrological droughts assess and mitigate droughts based on the observed storage lev-
els in these agricultural reservoirs and dams. In this regard, an analysis of agricultural res-
ervoir and dam storage levels based on precipitation deficits is needed to understand the
propagation of different types of droughts.

Therefore, this study attempts to identify the propagation of meteorological droughts
to agricultural and hydrological droughts in South Korea based on long-term observation
of precipitation, agricultural reservoir and dam storage levels. First, regional precipitation
characteristics are briefly reviewed, and then meteorological droughts are analyzed using
SPI (standardized precipitation index). Case studies are then considered using precipitation
and storage levels in South Korea to identify the propagation of meteorological to agricul-
tural and hydrological droughts.

2 Methods and data

2.1 Analysis methods

1. Precipitation analysis

A principal component analysis (PCA) has been applied to the observed precipitation
in Korea to identify regional precipitation variability. PCA is a standard statistical method
which transforms an original set of intercorrelated variables into a small number of new,
linearly uncorrelated variables that can explain most of the total variance in the data
(Rencher 1998). The uncorrelated variables are called principal components, and they con-
sist of linear combinations of the original variables. This method is often used in meteoro-
logical studies (Esteban-Parra et al. 1998; Powell and Keim 2015).

PCA shows that there are regional variations in precipitation in Korea (discussed in
Sect. 3.1), so Korea was split into four regions according to regional precipitation charac-
teristics using a K-means clustering algorithm. K-means clustering is a method which clas-
sifies data based on a similarity or distance calculation. This method is applicable to many
research fields, including several precipitation-based cluster classification studies (Avila
and Alarcon 1999; Liu and Yin 2001; Nuissier et al. 2011; Yoo et al. 2012).

2. Droughts definitions

In this study, the following droughts were taken into consideration: meteorological
droughts whose SPI (standardized precipitation index) values were below —1.0, agricultural
droughts where agricultural reservoir storage levels fell below 75% of normal agricultural
reservoir storage levels, and hydrological droughts where dam storage levels fell below
75% of normal dam storage levels.

For meteorological droughts, the SPI is commonly used by the KMA (Korea Meteor-
ological Administration) for droughts status assessment and forecasting. Table 1 defines
drought categories according to SPI. SPI can be calculated over multiple timescales (i.e.,
3, 6, 12, or 24 months). Previous research using Receiver operating characteristic (ROC)
curves found a correlation between SPI3 (the 3-month SPI) and drought occurrence
appears to be stronger than it is among SPI6, 9, 12, PDSI (Palmer Drought Severity Index),
percent of normal precipitation, temperature, and evapotranspiration on the Korean Penin-
sula, indicating that SPI3 is the most useful drought index for analyzing droughts in South
Korea (Kim and Lee 2011). Therefore, this study uses SPI3 to analyze meteorological
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Table 1 Drought classifications SPI value

by SPI value (Mckee et al. 1993) Drought category
—1.00 to —1.49 Moderate drought
—1.50to —1.99 Severe drought
—2.0 and less Extreme drought

droughts. For the agricultural drought, most of these indices are derived from soil mois-
ture deficiency based on precipitation and air temperature (Palmer 1968; Mishra and Singh
2010). However, the soil moisture in irrigated areas relies not only on local precipitation
but also the withdrawal of water from reservoirs when available (Li et al. 2016). South
Korea has 752,598 ha of irrigated land that is devoid of observed soil moisture for spatial
and temporal agricultural drought assessment. Therefore, the KRCC (Korea Rural Com-
munity Corporation) monitors and predicts agricultural droughts using storage levels of
agricultural reservoirs which is designed to supply water for irrigation and to prevent agri-
cultural damage from droughts. Furthermore, Jang et al. (2004) and Nam et al. (2013) stud-
ied agricultural drought assessments using reservoirs in South Korea. In consideration of
these reason, we deem that the assessment of long-term spatial and temporal agricultural
droughts in South Korea using agricultural reservoir levels is appropriate. For hydrologi-
cal drought, The MOLTI (Korean Ministry of Land, Infrastructure and Transport) which
has primary responsibility for the response to hydrological droughts, assesses, and moni-
tors hydrological drought using dams on South Korea. Therefore, we analyze hydrological
drought using dam levels which can be represented in each basin within South Korea.

To define agricultural and hydrological droughts for analysis of characteristics, the
threshold should be chosen such as long-period mean (or median) of the variable of inter-
est (Clausen and Pearson 1995) that it is considered to represent the water demand level
(Yevjevich et al. 1983; Rossi 2000). The KRCC studied the occurrence of agricultural
droughts by reviewing cases where agricultural reservoir storage levels fell below 75%
of average storage levels (Lee et al. 2016). The MOLTI (2009) analyzed the occurrence
of hydrological droughts when dam storage levels fell below 75% of average storage lev-
els. Therefore, we conducted seven case studies about the relationship between drought
impacts and storage levels from 1998 to 2015. During this time, agricultural damage
occurred between 1200 and 58,000 ha of agricultural areas in South Korea (the average
agricultural damage was 17,400 ha) and the agricultural reservoir levels ranged between
35.5 and 74.3% with respect to the normal storage level. Furthermore, during the same
period, the dam levels ranged between 48.5 and 72.8% of the normal storage level at which
time the MOLTI enforced restriction on dam water supply. Thus, 75% of the normal stor-
age level was considered as threshold level. In this study, “normal storage level” refers to
the 18-year average of storage levels (from 1998 to 2015).

2.2 Data

In this study, drought characteristics on the Korean Peninsula were identified and reviewed
using monthly observed precipitation and agricultural reservoir and dam storage level data.
The precipitation data were collected from 59 ASOS (Automated Synoptic Observing
System) stations operated by the KMA; these stations provide data from 1973 to 2015,
data time series over the 30 years are generally needed to find climatological trends and
to produce SPI values. The storage level data were taken from 153 of the 354 agricultural
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reservoirs monitored by the KRCC for the response to agricultural droughts (2012 KRCC
Report), which have agricultural reservoir storage capacity greater than 600x 10° m>. A
total of 4 dams (out of the 15 multi-purpose dams monitored by the MOLTI for hydrologi-
cal drought mitigation measures in 2009) were also selected for their representativeness
of each basin. The locations from which agricultural reservoir and dam storage level data
were collected based on the availability of observed data during 1998-2015 are shown in
Fig. 1, along with the locations of the ASOS stations.

3 Results
3.1 Regional precipitation characteristics

Prior to the analysis of droughts, a PCA was conducted to understand the direct impact of
precipitation characteristics (Fig. 2). The first mode (PC1, 40.5%) demonstrates opposing
precipitation patterns in the northern and southern areas. The time series of PC1 shows a
pattern of north—south precipitation changing on a 1- or 2-year basis from 1975 to 1995.
In the mid-1990s, this change cycle lengthened; the southern area received more rain from
1999 to 2004 and from 2014 to 2015, while the northern area received more rain from
2006 to 2011. The second mode (PC2, 26.1%) shows the contrasting pattern of precipi-
tation between eastern and western areas. The PC2 time series indicates a 4- or 5-year
basis, suggesting more prolonged precipitation pattern changes compared to PC1. The pre-
cipitation in the western area was relatively high from 1979 to 1987, then the eastern area
received more rain from 1988 to 2006; the precipitation in the western area was once again
higher from 2007 to 2015.

Given the regional differences in precipitation patterns observed through PCA, a
K-means clustering analysis was conducted to facilitate regional drought analysis. The area
was categorized into four regions (A, B, C, and D) according to annual and seasonal pre-
cipitation. Region D, the lowest latitude region, had the highest average annual precipita-
tion, 1480 mm. Region C, impacted by its mountainous terrain, received 1069 mm of aver-
age annual precipitation, the lowest amount of any region (Fig. 3a). The average annual
precipitation in Regions A and B were 1341 mm and 1266 mm, respectively. An analysis
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Fig.1 Locations of ASOS stations, agricultural reservoirs and dams in South Korea used for this study
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Fig.2 Spatial distribution patterns for the two principal components, PC1 (top panel) and PC2 (bottom
panel), computed for multi-annual precipitation
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Fig.3 Geographical distribution of the average annual precipitation in mm (a) and time series of regional

precipitation trends (b)

of the time series of regional precipitation using a 10-year average of annual precipitation
(Fig. 3b) shows similar trends for Regions A and B since the 1990s; precipitation grows
from 1980 to 2013. Regions C and D share precipitation trends with precipitation decreas-
ing in the mid-1990s, then increasing until the mid-2000s before decreasing again. The
regional classification based on K-means clustering reflects these regional precipitation

characteristics.
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3.2 Meteorological drought trends

Meteorological droughts tend to precede all other droughts and thus play a significant
role in the occurrence of other types of droughts. Because of this, analyzing meteor-
ological droughts are important for identifying relationships among different types of
droughts. Here, meteorological drought trends were examined in detail using SPI3.

SPI3 values were calculated, and the frequency of annual drought occurrence
(SPI3 values less than —1.0) was analyzed based on the five different time periods
(1973-1979, 1980-1989, 1990-1999, 2000-2009, and 2010-2015) shown in Fig. 4.
To facilitate comparisons among these time periods, a normalized “annual drought fre-
quency” was defined to be the drought frequency per year over each period. The annual
drought frequency was 2.05 from 1973 to 1979, 2.01 in the 1980s, 1.78 in the 1990s,
1.95 in the 2000s, and 2.19 from 2010 to 2015. The frequency of droughts decreased
continuously from the 1970s to the 1990s, but it began to slowly increase as of the
2000s, reaching a peak in the 2010s. Spatial analysis of the annual drought frequency
reveals that Region A had a high frequency of droughts in the 1970s and the 2010s,
while Region D had a high drought frequency in the 1990s and the 2000s. In the 1980s,
drought frequencies were quite balanced between all regions.

Table 2 gives the seasonal drought frequencies and annual drought frequencies as a
function of severity for each time period. In the 1980s and 2000s, droughts occurred at
highest frequency during spring, whereas droughts were most frequent in the summer
in the 1970s and 2010s and during winter in 1990s. When droughts are separated by
severity (based on SPI3, see Table 1), both moderate and extreme droughts were most
frequent in the 1980s, while severe droughts were most frequent in the 1990s. A com-
parison of seasonal frequency and drought severity shows that more frequent droughts
in spring tend to result in more frequent extreme droughts (the 1980s and the 2000s).
Precipitation deficits that occur in winter and persist until spring can trigger extreme
meteorological drought because precipitation is concentrated in the summer monsoons.

the 1970s the 1980s the 1990s the 2000s the 2010s
(1973-1979) (2010-2015)

Annual drought
freqeuncy
©>1.0
©1.0-20
©20-30
@®30<

Fig.4 Geographical distribution of annual drought frequency (calculated using SPI3) over five different
time periods
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Table 2 Seasonal drought frequency and annual drought frequency as a function of severity for each time
period

The 1970s The 1980s The 1990s The 2000s The 2010s

Seasonal drought frequency Spring 2.5 7.25 2.5 7 0.75
Summer 5.5 4.5 4.5 1.25 5.25

Fall 4.75 3.25 5.5 5.25 1.75

Winter 4.75 5.25 6.25 4.5 275

Annual drought frequency > —1 2.03 2.06 1.90 1.89 1.84
by severity (SPI3 values)  _15¢0 -1 1.11 1.23 1.00 1.03 1.04
-20to—-15 0.71 0.40 0.80 0.53 0.63

>-20 0.21 0.43 0.10 0.33 0.17

3.3 The propagation of meteorological droughts to agricultural and hydrological
droughts

SPI3 values and agricultural reservoir and dam storage levels were used to identify a
relationship among meteorological, agricultural, and hydrological droughts. To deter-
mine occurrence rates for each type of drought, time series analysis was conducted
using SPI3 values and accumulated agricultural reservoir and dam storage level defi-
cits (the difference between actual storage and normal storage levels); this is shown in
Fig. 5 for each region. An analysis of the different drought types reveals a wide variety
of drought cases: meteorological droughts only (Case I; gray-shaded areas in Fig. 5),
propagation from meteorological to agricultural drought (Case II; yellow), propagation
from meteorological to hydrological drought (Case III; blue), and the occurrence of all
types of droughts (Case IV; red). Table 3 lists the years and regions for each occurrence
of these different drought cases.

To identify propagation from meteorological droughts to agricultural and hydrologi-
cal droughts, an analysis of the different drought cases was conducted using data from
the Daecheong Dam, located in the center of Region B, as well as from the large number
of agricultural reservoirs in Region B (Fig. 6). In January 2011, Region B experienced
a severe Case I meteorological drought (SPI3=—1.57). This was due to precipitation
deficits (below normal precipitation) from October to November in 2010 and in Janu-
ary in 2011. However, the region had received adequate precipitation (140% of normal
precipitation) from August to September prior to this meteorological drought, resulting
in a significant increase in agricultural reservoir and dam water levels. Consequently,
the meteorological drought did not lead to agricultural and hydrological droughts. For
the 2012 Case II drought, agricultural reservoir storage levels were relatively low until
April due to low precipitation in September 2011. A moderate meteorological drought
(SPI3=-1.34) and an agricultural drought (agricultural reservoir storage levels below
72% of normal storage) occurred in June due to the precipitation deficits in May and
June, but dam storage levels were maintained above normal storage levels, so no hydro-
logical drought occurred. For the 2009 Case III drought, despite a precipitation deficit
from September to January, agricultural reservoir storage levels increased, whereas dam
water levels decreased. A severe meteorological drought from November to January
(SPI3 =—1.60 on average) led to the hydrological drought in April and May. (Dam stor-
age levels were 72% of normal storage levels on average.)
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Fig.5 Time series of SPI3 and accumulated agricultural reservoir and dam storage level deficits in each
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from meteorological to agricultural drought (yellow, Case II), propagation from meteorological to hydro-
logical drought (blue, Case III), and the occurrence of all types of droughts (red, Case IV)
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Table 3 Year and region of each

Case | Case II Case III Case IV
case of drought occurrence
Year Region Year Region Year Region Year Region
1999 A,B,C,D 2000 A 2007 A 2001 A,B,C,D
2000 B,C,D 2006 B 2009 A,B 2009 C,D
2004 C 2012 A,B 2010 A,C 2014 A,C,D
2011 B,C,D 2014 B 2015 A,B,C,D
Case I (2011) Case II (2012) Case III (2009)
2+ 2+ 2
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Fig.6 Time series of SPI3, precipitation, and agricultural reservoir and dam storage levels for Cases I to III

A comparison analysis of the Case IV droughts in 2001 and 2015 was carried out
(Fig. 7). In 2001, the hydrological droughts were more severe and prolonged than the
agricultural droughts. The average agricultural drought severity was 66% of the nor-
mal storage levels over 7 months due to precipitation deficits in spring and summer
(SPI3=-3.00 in May). The average hydrological drought severity was 62% of the nor-
mal storage levels over 8§ months; this was impacted by precipitation deficits from Octo-
ber to December in 2000 in addition to the 2001 meteorological droughts. In contrast,
the agricultural droughts were observed to be more severe in the 2015 Case IV drought.
Severe agricultural droughts occurred starting in July; drastic decreases in agricultural
reservoir storage levels arose from precipitation deficits starting in May, which is when
agricultural water requirements increase. The average agricultural drought severity
was 49% of normal storage over 6 months. The average hydrological drought severity
was 66% of the normal storage levels over 5 months due to the extreme meteorologi-
cal drought that summer; the dam storage levels were maintained above normal storage
levels until June 2015 by high precipitation (175% of the normal precipitation) from
October to December in 2014. The comparison of these two Case IV droughts shows
that hydrological droughts can be more severe than agricultural droughts when precipi-
tation deficits occur from October to March. Additionally, a meteorological drought of
prolonged duration (more than 3 months) or increased severity in the summer leads to
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Fig.7 The same as Fig. 6, except for Case IV

different types of drought. These drought propagation trends are similar across all the
Regions studied (Fig. 5).

The case analysis indicates that meteorological droughts in fall/winter after large
amounts of precipitation in summer do not necessarily lead to different agricultural or
hydrological droughts. However, meteorological droughts from spring to summer can eas-
ily result in agricultural droughts. Furthermore, meteorological droughts in winter may
cause hydrological droughts without agricultural droughts. When long-term meteorologi-
cal droughts occur in spring and summer, they tend to trigger both agricultural and hydro-
logical droughts. Therefore, the impact of meteorological droughts depends not only on
drought severity but also on timing because of the seasonally variable characteristics of
agricultural reservoir and dam storage levels.

3.4 Characteristic of seasonal storage level changes

To compare seasonal precipitation patterns and storage level changes, an analysis is con-
ducted using standardized precipitation and agricultural reservoir and dam storage levels
(Fig. 8). The precipitation, characterized by the summer monsoon pattern, is highest in
July. Agricultural reservoir and dam levels are lowest in June due to high water consump-
tion and low precipitation in April and May; they are highest in August and September
due to the large volume of summer precipitation. To identify changes in storage levels due
to seasonal precipitation, the months are separated into two groups: the wet season (from
June to September) and the dry season (from October to March). In the wet season, both
agricultural reservoir and dam storage levels tend to increase in response to the increase in
precipitation, with a 1- to 2-month time lag. In the dry season, dam storage levels decrease
due to low precipitation, whereas agricultural reservoir storage level increases.

To understand the relationship between seasonal storage level changes and precipitation,
an analysis of storage levels changes in cases of seasonal precipitation deficits was con-
ducted. Storage levels decreased by an average of 7.5% in agricultural reservoirs and 2.9%
in dams when the wet season precipitation was 100 mm below the normal precipitation
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Fig. 8 Comparison between 3
seasonal precipitation and —e— Precipitation
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(Fig. 9). Changes in dam storage levels resulting from precipitation deficits were less likely
than changes in agricultural reservoir storage levels, because the average dam storage
capacity is estimated to be 1489x 10° m® compared to the 5.8 10° m* estimated capac-
ity of the agricultural reservoirs. On the other hand, precipitation deficits in the dry season
still tended to result in increased agricultural reservoir storage levels, whereas dam storage
levels decreased (Fig. 10); on average, agricultural reservoir storage levels increased by
1.4% and dam storage levels decreased by 4.6% when dry season precipitation was 30 mm
below the normal value. This can be explained by the low demand for agricultural reservoir
water for irrigation in winter and the high demand for the dam water for human consump-
tion, industrial use, and navigability in the dry season. Region C experienced a decrease in
agricultural reservoir storage levels four times; this can be largely attributed to Region C’s
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Fig.9 Changes in agricultural reservoir and dam storage levels caused by precipitation deficits in the wet
season
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Fig. 10 Same as Fig. 9, except for the dry season

relatively small agricultural reservoirs (average capacity of 1.9x 10° m?), which are easily
affected by evaporation, etc. Examining the dams, the Seomjin River Dam has a relatively
low frequency of storage level decreases; this can be explained by the fact that the Seomjin
River Dam is primarily used for irrigation, despite being a multi-purpose dam.

The analysis of seasonal storage level changes indicates that agricultural reservoir stor-
age levels are sensitive to precipitation in the wet season, resulting in more drastic changes
than for dam storage levels. If precipitation shortages occur from March to September,
when a large volume of agricultural water consumption is anticipated, it can lead to a
severe agricultural drought. Hydrological droughts tend to be more severe than agricultural
droughts, because agricultural reservoirs storage levels still tend to increase even when
there are precipitation shortages in the dry season. The results of the drought case analysis
(Sect. 3.3) are consistent with these findings for seasonal agricultural reservoir and dam
storage level changes.

4 Summary and conclusions

In this study, the relationship among drought types was reviewed and explored using
observed precipitation and agricultural and dam storage level data to identify the propa-
gation of meteorological droughts to agricultural and hydrological droughts. Meteorologi-
cal drought frequency was examined from 1973 to 2015 using SPI3. The annual drought
frequency dropped from the 1970s (2.05) to the 1990s (1.78) and then began to increase
as of the 2000s, reaching its peak in the 2010s (2.19). The frequency of different types of
droughts was reviewed over the period between 1998 and 2015; meteorological, agricul-
tural, and hydrological droughts did not necessarily occur concurrently in the same year. A
case analysis of the relationship between different types of droughts and the seasonal char-
acteristics of agricultural reservoir and dam storage level changes revealed the following:

1. When meteorological droughts occurred in winter after concentrated precipitation in
the wet season (from June to September), agricultural and hydrological droughts did
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not occur; agricultural reservoir and dam storage levels were maintained at more than
75% of normal storage levels following concentrated precipitation.

2. In cases, where meteorological droughts propagated to agricultural droughts, precipita-
tion deficits were recorded from March to September, when a large volume of agricul-
tural water consumption was anticipated, meteorological droughts led to agricultural
droughts.

3. Incases, where meteorological droughts propagated to hydrological droughts, the pre-
cipitation deficits in the dry season (from October to March) caused a decrease in dam
storage levels (but not agricultural reservoirs), triggering hydrological droughts in spring
or summer.

4. Cases where all different types of droughts coincided were associated with extreme
meteorological droughts, largely due to precipitation deficits that occurred in the wet
season or persisted for long periods of time; this resulted in agricultural and hydrologi-
cal droughts due to the meteorological drought. If the precipitation deficit occurs from
March to September, the agricultural drought is more severe than the hydrological
drought, when precipitation deficits occur in the dry season, hydrological droughts are
more severe due to the seasonal characteristics of agricultural reservoir and dam storage
level changes.

5. Agricultural reservoir storage levels are more dependent on precipitation deficits than
dam storage levels in the wet season. On the other hand, if precipitation deficits occur
in the dry season, agricultural reservoir storage levels still increase, but dam storage
levels decrease as a result of uninterrupted dam water consumption in winter.

How different types of droughts can be propagated from meteorological droughts
depend not only on drought severity but also the timing of the drought. Drought propa-
gation can be understood through analysis of the seasonal characteristics of agricultural
reservoir, and dam storage level changes resulting from precipitation deficits; such anal-
ysis is easy and simple to use, facilitating an improved understanding of relationships
between different drought categories for the regions where long-term observational data
are recorded. Furthermore, understanding the relationship between meteorological, agri-
cultural, and hydrological droughts will provide a foundation for establishing a comprehen-
sive drought monitoring system in the regions studied here. Only precipitation and storage
level data were used in this study due to the lack of available soil moisture and runoff data.
For a more comprehensive analysis of droughts and agricultural reservoir and dam storage
levels, further research must be conducted using additional data, such as soil moisture and
runoff information.
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