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Abstract

:

Recently, the signs of extreme droughts, which were thought of as exceptional and unlikely, are being detected worldwide. It is necessary to prepare countermeasures against extreme droughts; however, current definitions of extreme drought are just used as only one or two indicators to represent the status or severity of a drought. More representative drought factors, which can show the status and severity that are relevant to extreme drought, need to be considered depending on the characteristics of the drought and comprehensive evaluation of various indices. Therefore, this study attempted to quantitatively define regional extreme droughts using more acceptable factors. The methodology comprises five factors that are indicative of extreme drought. The five factors are (1) duration (days), (2) number of consecutive years (years), (3) water availability, (4) return period, and (5) regional experience. The results were analyzed by applying the procedure to droughts that took place in 2014–2015 in South Korea. The results showed that the applied historical event did not enter the status of extreme drought, which is proposed in this study; however, the proposed methodology is applicable because it uses acceptable and reasonable factors to judge extreme drought, but it can also take into account the past regional experience of extreme drought.
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1. Introduction


Recent meteorological events have been attributed to abnormal conditions such as changes in temperature and rainfall patterns. Global warming, which began in the late 19th century, has increased the global average surface temperature by approximately 1 °C from the early 2000s to 2018 [1]. In addition, the climate prediction model indicates that floods and droughts will occur frequently in the future [2,3]. The signs of “black swan”-type droughts, which were thought of as exceptional and unlikely, are being detected worldwide. Especially, in the case of Korea, it is predicted that a severe drought will occur in the future based on the climate change scenario [4,5,6].



Droughts are a particularly complex type of natural disaster. Kogan [7] suggested that frequent droughts, because of their complex nature, have a profound impact on all aspects of life, including the economy, agriculture, and nature. Traditional studies [8,9] have classified droughts into meteorological, agricultural, hydrological, and socioeconomic types. Accordingly, various drought indices have been developed and used to evaluate the different types of drought. Currently, the most frequently utilized drought indices include: Palmer Drought Severity Index (PDSI) [10], which is used to evaluate meteorological droughts, the Standardized Precipitation Index (SPI), which is used to analyze droughts based on shortage of precipitation [11], the Streamflow Drought Index (SDI) [12], and the Surface Water Supply Index (SWSI) [13]. In addition, studies have been conducted to quantify the causes of drought based on the Modified Surface Water Supply Index (MSWSI) [14] and the Soil Moisture Index (SMI) [15].



As the severity of droughts increases due to constant changes in climate, it is necessary to develop countermeasures against extreme phenomena. Regarding the definition of extreme drought, Woodhouse and Overpeck [16] defined extreme drought based on two major drought events that occurred between the 13th and 16th centuries by comparing the severity, duration, and spatial extent of drought by century. Stahle et al. [17] defined the most severe and long-lasting droughts on the American continent during the 20th century (1930 and 1950) as extreme droughts using the PDSI index. Woodhouse and Overpeck [16] and Stahle et al. [17] have reconstructed the PDSI based on proxy paleoclimate records quantified the severity and duration of paleo-droughts. In South Korea, the National Drought Information Analysis Center under the Ministry of Environment reports extreme droughts using drought indices such as the SPI index. The hydrological weather drought information system under the Korean Meteorological Administration (KMA) defines extreme droughts as events in which the extreme drought stage of the SPI index lasts longer than 20 days; however, current definitions use only one to two indicators to represent the severity of a drought. More representative drought factors that are applicable under extreme drought conditions need to be considered depending on the characteristics of the drought or to comprehensively evaluate various indices. Vicente-Serrano et al. [18] proposed the Standardized Precipitation Evapotranspiration Index (SPEI), which is used to assess drought by adding temperature parameters in addition to the representative drought index SPI. Kim et al. [19,20] evaluated drought in Korea using the SPEI to propose an operational plan to prepare for flood and drought simultaneously; however, this approach does not adequately define extreme drought resulting in comprehensive damage. To address this limitation, Park and Kim [21] evaluated extreme drought in Korea by evaluating the drought index as well as the reproduction period and water supply capacity; however, it did not reflect regional characteristics.



Therefore, in this study, we attempted to quantitatively define regional extreme droughts using more acceptable five factors, which can reflect the physical status and severity of the drought. The results were analyzed by applying the procedure to droughts that took place in 2014–2015, during which time drought was extremely severe in South Korea.




2. Methodology


2.1. Procedure for the Analysis of Extreme Drought


The procedure for identifying an extreme drought is shown in Figure 1. The following five factors were used to determine drought severity: (i) duration (days), (ii) number of consecutive years (years), (iii) water availability, (iv) return period, and (v) regional experience. Factor A refers to the duration (days) of extreme drought. If −2 or less value is maintained for more than 30 days based on the daily SPI, it is judged to be satisfied with the first criteria. Factor B can represent how long-lasting the drought is, and is repeated for several years (8 years in this study). Factor C refers to the period during which water resources are available; the water supply, derived from analysis of the regional water budget, is evaluated and a drought is labeled extreme if the water supply drops below the defined value. Factor D represents the recurrence interval. Finally, factor E reflects past occurrences of regional drought, and the envelope curve method was applied to determine extreme drought. If all the five factors are satisfied, the target region is considered to have entered extreme drought. The basis for calculating the values presented above is detailed in the next section.




2.2. Factors Determining Extreme Drought


2.2.1. Factor A: Drought Monitoring (Duration, Standardized Precipitation Index)


In South Korea, the Korean Meteorological Administration (KMA) officially evaluates drought based on six-month cumulative daily precipitation (SPI6) data [22,23], because SPI6 reflects South Korean climate characteristics, such as the amount of seasonal precipitation; therefore, the SPI6 data supplied by the KMA are used in this study. The SPI is a representative meteorological drought index that can be used to estimate the severity of drought using only the amount of precipitation. Based on the calculated SPI, the drought status classification according to the range of SPI values is presented in Table 1. The most severe level of drought among the drought categories presented was one with an SPI value of −2.00 or less. The Korea Meteorological Administration defines extreme droughts as those lasting more than 20 days and recurring in consecutive years; however, no clear evidence is available for the appropriateness of the 20-day cut-off value; it was based on the experience and opinions of experts. Therefore, to establish the duration criteria of extreme drought for factor A, historical SPI data in the jurisdiction (Figure 2) of 8 local governments in Korea from 1974 to 2019 were analyzed. Daily SPI6 (KMA data) was used for the analysis, and a case that lasted more than 20 days under −2.00 was derived (Table 2). A total of 21 cases included those in which SPI6 <−2.00 continued for more than 20 days, and half of them lasted less than 30 days. Therefore, the range of extreme drought duration defined in this study was considered appropriate for more than 30 days with a relatively low frequency. In addition, a survey was conducted to evaluate the appropriateness of the range of duration to be defined in this study. A total of 171 opinions were included, including opinions in the target area from experts (26 people) studying droughts, government officials (31 people) providing information on droughts, farmers (30 people) affected by droughts, and finally, the general public (84 people). The survey showed 32.4 days (Table 3). It was judged that the duration of 30 days or more defined in this study was more appropriate than the current extreme drought range of 20 days.




2.2.2. Factor B: Drought Monitoring (Consecutive Years of Drought)


Droughts occur over a long period of time, causing serious damage, and also occur repeatedly over several years. If the extent of drought can be judged according to its duration in days, it is necessary to also identify the degree of drought recurring over the years. Therefore, this study investigated whether a drought occurring for 8 consecutive years qualifies as extreme drought based on the data presented in Table 3 (SPI less than −1) and the same SPI6. The appropriate number of years of recurrence to qualify as extreme drought has yet to be defined, so we relied on the experience of experts. Accordingly, a survey was conducted to seek experts’ responses regarding the number of years of recurrence of extreme drought or SPI6 days of duration. The survey found that repeated droughts over more than eight years can be considered as extreme drought conditions. Therefore, this study analyzed droughts that continued for at least 8 consecutive years and determined whether they fall under the category of extreme drought. In the event of longer droughts, further quantitative analysis is needed to determine the range of recurrence over the years and define extreme drought conditions.




2.2.3. Factor C: Availability of Water Resources


One form of damage caused by drought involves the depletion of reservoirs, which results in a lack of water supply. Therefore, this study demonstrated that the period during which water resources can be utilized is necessary to determine whether a drought falls under the extreme category. Hashimoto et al. [24] proposed the evaluation of the water system using factors such as reliability, resilience, and vulnerability to estimate the period of water availability. To this end, Moy et al. [25] developed a plan for the evaluation of reservoir operating rules. Kang and Park [26] evaluated the water supply capacity to optimize reservoir operations. In addition, Lee and Kang [27] proposed the Water Supply Capacity Index (WSCI), which can be used for drought monitoring. The application of the proposed index was evaluated via a comparative analysis based on existing drought indices. The WSCI can be used to measure the duration for which a reservoir’s water supply will last based on the current amount of reservoir water and the amount of water that will be in demand in the future. It is calculated based on the monthly water supply, so the unit is set to months, and the amount of water remaining at the end of the month is subtracted from the amount supplied in the following month. If the remaining amount of water is greater than the planned supply, the same procedure is repeated to calculate whether the water supply will be satisfactory after a few months, based on the formulae defined in Equations (1) to (5) below.



The initial value of WSCI was assumed to be


  W S C  I 0  = 0  



(1)






   S t  ≥  D  t + 1    



(2)






     If   Equation   ( 2 )   is   true ,   W S C  I 1  = 1 ,  S  t , 1   =  S t  −  D  t + 1       If   it   is   false ,   the   final   WSCI   value   is   obtained   as :   W S C  I  F i n a l   = W S C  I 0  +  (   S t  /  D  t + 1    )      



(3)




If Equation (2) is true, then Equation (3) is calculated and determined whether it is    S  t , 1   ≥  D  t + 2    , and Equation (3) is repeated until


   S  t , 1   ≥  D n  D _ [ n ]  



(4)




is false.



The final WSCI value is calculated as follows:


  W S C  I  F i n a l   =  (  n − 1  )  + (  S  t , n − 1   /  D n  ) ,  



(5)




where    S t    denotes water supply at the end of the month,    D  t + 1     refers to water supply in the following month, and    D n    is the water supply for the subsequent month, (n − 1) is the current amount of reservoir water (number of months of supply), and    S  t , n − 1   /  D n    is a measure of the water supply remaining after supplying water for (n − 1) months to cover the current water supply for n months starting from the present time.



In this study, based on the WSCI calculated above, the capacity to supply water given the currently available amount of reservoir water was evaluated to determine the classification of extreme drought. As the usage data, the monthly water supply of Boryeong Dam was used. Based on this data, the month of supply and the average monthly supply were calculated. Lastly, extreme drought was judged according to the ratio of average water supply capacity as shown in D in Figure 1.




2.2.4. Factor D: Return Period


In South Korea, typically, extreme droughts return after 50 years in the case of SPI when the level of severity for each drought index is considered. Notably, the concept of duration rather than severity is used as a criterion to define extreme drought [28]. Also, U.S. Drought Monitor (USDM; [29]) defines extreme drought anomalies as D4 (Exceptional Drought), which occurs once in a generation at a frequency of 50 years [30]. Therefore, in this study, a drought with a recurrence interval of 50 years, the SPI standard, was considered extreme drought.




2.2.5. Factor E: Determination of Past Regional Extreme Droughts


The damage caused by drought will increase depending on its severity, but the damage will also vary from region to region. For example, for a drought of a similar level of severity in regions A and B, region A is likely to have developed response plans for severe drought if it had experienced a similar level of drought in the past; however, if it has no history of such droughts, different, probably less-extreme responses and countermeasures will be implemented. Therefore, in this study, the envelope curve method was applied to analyze the regional characteristics associated with the occurrence of past droughts. The envelope curve is generally used to identify peaks in rainfall and runoff on a hydrograph, with a graph incorporating a specific number of peaks or all points. A schematic showing the application of this method to drought is shown in Figure 3. First, the cumulative SPI6 and cumulative duration (days) are calculated by counting the number of cases where SPI6 > −2.00 continued for more than 30 days in the region of interest, and the envelope curve for the region was drawn. The cumulative SPI6 and duration (days) of the SPI6 of the current drought are calculated and substituted for the existing envelope curve to determine whether the drought is extreme. This study analyzed the regional characteristics of extreme drought using this method and determined whether a region experienced extreme drought. We applied this method to Chungcheongnam-do, Korea to analyze the results.






3. Application and Results


3.1. Status of Applicable Regions


Chungcheongnam-do is divided into 15 districts, as shown in Figure 4. Dangshin, Boryeong, and Seosan in the northwestern region are included in the Boryeong Dam basin zone. Due to decreasing water volume, the conditions fall into the ‘attention’ stage each year, which is the second of five stages of drought warning. In 2015, the water capacity of Boryeong Dam declined to 18.9%, reaching a ‘serious’ level of water storage, which was equivalent to one-third of the water that was available in previous years, and was, therefore, regarded as an unprecedented drought in Korea. In this study, the methodology used to determine extreme cases of drought was applied to Dangjin, Boryeong, and Seosan, where extreme drought occurred. The time period ranged from 1974 to 2015, and further analysis was conducted to determine whether the drought that occurred in 2015 was extreme.




3.2. Analysis of Each Factor


3.2.1. Drought Monitoring (Days of Duration, SPI)


Based on the daily SPI6 data from the western Chungcheongnam-do region supplied by the Korean Meteorological Administration, an estimate of the number of cases in which SPI6 of −2.0 or less continued for 30 days or more since 1978 is shown in Table 4. Drought monitoring in Dangjin, Seosan, and Boryeong revealed that extreme drought conditions occurred three times in 2000, four times between 2007 and 2008, and two times in 2015. In 2015, in which severe drought occurred, the cumulative SPI6 value was the lowest compared with the cumulative number of days, but the number of cumulative days was the highest measured. The SPI classifies drought using only precipitation data, and it is generally accepted that it appropriately represented the drought scenario in 2015, when the precipitation shortage was severe.




3.2.2. Drought Monitoring (Consecutive Years of Drought)


The monthly SPI is calculated for years of recurrence. The results of the analysis of droughts in Dangjin, Seosan, and Boryeong from 1974 to 2015 are shown in Figure 5. The results are based on the SPI monthly data presented by the Korean Meteorological Administration. Dangjin City experienced drought (SPI6 < −1.00) in August for three consecutive years, from 2013 to 2015, and drought occurred in Seosan and Boryeong in August for two years (2014 and 2015). This analysis assumes that the present time is 31 December 2015. If drought continues to occur after 2015, it will meet the eight-consecutive-year benchmark outlined in this study; however, it has yet to be defined as extreme drought.




3.2.3. Water Resource Availability


The water supply capacity is calculated based on water balance analysis using data pertaining to dam water levels. However, the objective of this study is to propose procedures determining whether a drought can be categorized as extreme. Therefore, we analyzed the capacity of Boryeong Dam using the proposed procedure and the results obtained. Since Dangjin, Seosan, and Boryeong lie within the Boryeong Dam basin zone, we determine whether a drought should be categorized as extreme considering the availability of water in the Boryeong Dam. We found that the water supply was limited to two months in 2014 and six months beginning in July of 2015 (summer season in South Korea), as shown in Figure 6. Similarly, as can be seen in Table 4, the SPI value in Dangjin, Seosan from August 2015 sharply increased. The water supply was never at 60% of capacity for more than 10 months, which is an existing definition of extreme drought. However, these results are based on the assumption that the current date is January 2016, and we used the procedure to determine whether the drought of 2015 could be categorized as extreme. If the graph shown in Figure 6 persists in 2016, the results that satisfy both assumptions will be obtained. Of course, if one of the two assumptions is satisfied, the drought in 2015 will be defined as extreme.




3.2.4. Drought Recurrence Interval


The drought recurrence interval can differ greatly depending on the method and data set used to calculate. Since the purpose of this study was to propose a methodology for the determination of extreme drought, the period of drought recurrence calculated as described previously [20] was used and the results were analyzed. To quantify past droughts in Korea, [20] we derived a Severity–Duration–Frequency (SDF) curve using the SPI index, and the period of recurrence of drought for each observation was presented. In addition, SPI6 was used to define the SDF curve, and the results of the verification of past droughts were presented. As a result, the three-month average SPI6 values for Dangjin and Seosan were obtained and substituted for the corresponding curves. The derived value is −2.1, which corresponds to a frequency of about 20 years. In Boryeong, the drought did not last for more than one month, and was excluded from the calculation of recurrence interval. Dangjin, Seosan, and Boryeong did not meet the criteria for the recurrence interval to be categorized as extreme drought.




3.2.5. Determination of Extreme Regional Drought in the Past


Based on daily SPI6 data for the entire Chungcheongnam-do region, we identified cases where SPI6 was less than −2.0 and drought continued for less than 30 days from 1975 to 2015, as shown in Table 5. As shown in the Table, extreme drought prevailed in all regions of Chungcheongnam-do in 2015. The envelope curves for cumulative SPI6 and cumulative days were calculated, and the droughts in Boryeong, Dangjin, and Seosan derived from Table 5 (diamonds) are shown in Figure 7. In the case of Dangjin, only the drought that occurred in May 2000 lay above the trend line of the envelope curve, so the drought in 2015 in the Chungcheongnam-do region is considered to exhibit a level of severity that is less than extreme. Seosan also showed a lower drought severity compared with the drought occurring throughout the whole of the Chungcheongnam-do region. In Boryeong, the cumulative number of days of drought based on SPI6 was not greater than 30, so it was not defined as extreme drought. In the envelope curve, the drought was below the trend line and therefore did not meet the definition of extreme drought in the Chungcheongnam-do region.





3.3. Discussion


Table 6 shows the satisfaction with the proposed procedure in each region. Based on the proposed procedure, in the cases of Dangjin and Seosan, the 2015 drought met the extreme drought criteria of A (days) and C (availability of water resources), but B (years), D (period of recurrence), and E (envelope curve) did not meet the criteria for classification as extreme (Table 6). In the case of Boryeong, the factor C criterion was met, but otherwise did not meet the defined criteria. Therefore, it was decided that the drought in Korea in 2015 was not extreme. However, if the drought occurs repeatedly after 2015, there is a possibility that it will be included subsequently in the region-based envelope curve as well as the years of recurrence.



Although many factors were not considered as suggested in this study, several studies have been conducted to evaluate the extreme drought conditions in South Korea [31,32]. First, Yoon et al. [31] evaluated the same area analyzed in the present study (Boryeong dam basin) and considered extreme drought conditions in Dangjin, Seosan, and Boryeong during 2015. However, this study found that the drought condition of Boryeong did not meet the criteria for extreme drought. This study considered the defining factor for extreme drought as less than −2 and lasting more than 30 days in SPI6 data. Second, Kim et al. [32] analyzed the return period of drought by major watersheds in Korea and ruled out severe drought. Although the results were similar to those of this study, the criteria for extreme drought were not adequately defined in previous studies.





4. Conclusions


Climate change is expected not only to increase the frequency of droughts worldwide, but also to trigger regional drought conditions that are extreme in severity. To express the condition of extreme drought, more representative drought factors are needed under an extreme drought situation. It is more natural to consider more factors depending on the characteristics of the drought or to comprehensively view and judge various indices. Therefore, this study attempted to quantitatively define regional extreme droughts using more acceptable factors. The methodology comprises five factors that are indicative of extreme drought. The five factors include: (1) duration (days), (2) number of consecutive years (years), (3) water availability, (4) return period, and (5) regional experience. The procedure was adopted to analyze drought patterns in South Chungcheong Province during 2014–2015. In conclusion, the drought defined by the methodology described in this study was not considered as an extreme event. However, the proposed methodology used acceptable and reasonable factors to evaluate extreme drought conditions as well as past regional experience of extreme drought. In the future, additional historical events of drought should be analyzed. The revised approaches are based not only on the regional meteorological and hydrological characteristics, but also the water supply and socio-economic characteristics. In addition, efforts are needed to determine the factors for the evaluation of drought more quantitatively.
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Figure 1. The methodology used to determine extreme drought conditions. 
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Figure 2. Local governments identified by case studies of severe drought. 
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Figure 3. Envelope curve procedure for the determination of extreme drought. 
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Figure 4. Target area (Chungcheongnam-do). 
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Figure 5. Status of drought in the target regions (consecutive years of drought), (a) Dangjin, (b) Seosan, (c) Boryeong. 
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Figure 6. Availability of Boryeong Dam water resources (January 2013–December 2015). 






Figure 6. Availability of Boryeong Dam water resources (January 2013–December 2015).



[image: Atmosphere 11 00581 g006]







[image: Atmosphere 11 00581 g007 550] 





Figure 7. Chungcheongnam-do: Target area envelope curves, (a) Dangjin, (b) Seosan, (c) Boryeong. 
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Table 1. Standardized Precipitation Index (SPI) index range based on drought stage.






Table 1. Standardized Precipitation Index (SPI) index range based on drought stage.





	
Drought Category

	
SPI Values

	
Source






	
Mild drought

	

	
0 ~ −0.99

	
Mckee et al. (1993) [11]




	
Moderate drought

	

	
−1.00 ~ −1.49




	
Severe drought

	

	
1.50 ~ −1.99




	
Extreme drought

	

	
−2.00 ≥ SPI




	
Experience

	
Less than −2.0 lasting for more than 20 days

	
Korea Meteorological Administration [23]




	
Analysis & survey

	
Less than −2.0 lasting for more than 30 days

	
This study
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Table 2. Cumulative SPI6 scores and cumulative days of drought across major regions in Korea (Factor A).






Table 2. Cumulative SPI6 scores and cumulative days of drought across major regions in Korea (Factor A).





	
Name of Region

	
No.

	
Duration

	
Absolute Cumulative Sum of SPI6

	
Source




	
Start

	
End

	
Days






	
Suwon

	
1

	
14 March 1997

	
8 April 1997

	
25

	
53.14

	
Korean Meteorological Administration [22]




	
2

	
5 April 1978

	
24 April 1978

	
20

	
44.79




	
3

	
22 August 2015

	
30 December 2015

	
131

	
299.78




	
Geochang

	
4

	
1 April 2009

	
27 May 2009

	
57

	
127.8




	
Yeongcheon

	
5

	
10 March 1995

	
17 April 1995

	
39

	
83.75




	
6

	
8 May 2009

	
30 May 2009

	
23

	
51.61




	
Cheorwon

	
7

	
7 October 2014

	
2 April 2015

	
178

	
386.63




	
Seosan

	
8

	
2 June 1978

	
23 June 1978

	
22

	
48.29




	
9

	
27 November 1988

	
20 January 1989

	
55

	
110.81




	
10

	
20 July 1992

	
12 August 1992

	
24

	
51.17




	
11

	
10 September 2014

	
7 November 2015

	
59

	
127.46




	
Cheonan

	
12

	
9 August 2015

	
24 November 2015

	
108

	
283.61




	
Buyeo

	
13

	
2 May 1978

	
23 May 1978

	
22

	
47.79




	
14

	
3 July 1982

	
25 July 1982

	
23

	
48.38




	
15

	
18 November 2001

	
28 December 2001

	
41

	
89.42




	
16

	
15 August 2015

	
12 November 2015

	
90

	
215.07




	
Boryeong

	
17

	
19 July 1982

	
14 August 1982

	
27

	
56.75




	
18

	
1 October 1982

	
11 November 1982

	
42

	
86.55




	
19

	
14 July 1995

	
20 August 1995

	
38

	
79.03




	
20

	
8 June 2012

	
30 June 2012

	
23

	
48.89




	
21

	
1 July 2019

	
25 July 2019

	
25

	
52.19




	
Average

	
51.05

	
113.95
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Table 3. Survey of appropriate temporal definitions of extreme drought (Factors A and B).
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Survey Subject

	
Average

	
Personnel




	
(A) Duration (Days)

	
(B) Consecutive Years (Years)






	
Expert

	
66.5

	
8.3

	
26




	
Public Official

	
22.2

	
7.9

	
31




	
Farmers

	
18.8

	
7.2

	
30




	
Public

	
21.9

	
8.5

	
84




	
Average (total)

	
32.4

	
8.0

	
171
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Table 4. Conditions associated with drought monitoring (days of duration) for Chungcheongnam-do (Dangjin, Seosan, and Boryeong) (SPI6).
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Name of Region

	
Duration (days)

	
Cumulative SPI6 (Absolute Value)

	
Cumulative SPI6/Cumulative Days




	
Start

	
End

	
Cumulative Days






	
Dangjin

	
5 May 2000

	
26 June 2000

	
53

	
128.04

	
2.42




	
11 July 2000

	
19 August 2000

	
40

	
88.95

	
2.22




	
27 April 2008

	
17 May 2008

	
21

	
48.81

	
2.32




	
23 August 2015

	
8 November 2015

	
78

	
170.18

	
2.18




	
Seosan

	
23 January 2007

	
14 February 2007

	
23

	
53.58

	
2.33




	
28 April 2008

	
17 May 2008

	
20

	
44.02

	
2.20




	
13 August 2015

	
2 November 2015

	
82

	
178.59

	
2.18




	
Boryeong

	
5 May 2000

	
25 May 2000

	
21

	
46.81

	
2.23




	
22 January 2007

	
12 February 2007

	
22

	
49.64

	
2.26











[image: Table] 





Table 5. Cumulative SPI6 and cumulative days.






Table 5. Cumulative SPI6 and cumulative days.





	
Target Area

	
Area Name

	
Start

	
End

	
Cumulative Days

	
Cumulative SPI6 (Absolute Value)






	
Chungcheongnam-do

	
Gyeryong

	
22 August 2001

	
11 November 2001

	
82

	
198.45




	
8 December 2015

	
22 November 2015

	
103

	
264.63




	
Hongseong

	
8 February 2002

	
17 March 2002

	
38

	
87.92




	
12 January 2007

	
12 February 2007

	
32

	
70.62




	
Nonsan

	
25 August 2001

	
8 October 2001

	
45

	
95.4




	
13 August 2015

	
22 November 2015

	
102

	
231.04




	
Gongju

	
17 August 2015

	
12 November 2015

	
88

	
193.04




	
Sejong

	
17 August 2015

	
11 November 2015

	
87

	
187.72




	
Taean

	
1 June 1978

	
2 July 1978

	
32

	
82.02




	
16 May 2000

	
17 June 2000

	
33

	
82.03




	
12 January 2007

	
15 February 2007

	
35

	
90.24




	
21 August 2015

	
25 November 2015

	
97

	
241.01




	
Seosan

	
12 January 2007

	
13 February 2007

	
33

	
86.24




	
15 August 2015

	
12 November 2015

	
90

	
211.08




	
Cheongyang

	
9 February 2009

	
10 March 2009

	
30

	
70.97




	
Seocheon

	
29 April 2000

	
9 June 2000

	
42

	
99.9




	
Asan

	
29 April 2000

	
26 June 2000

	
59

	
137.15




	
15 August 2015

	
12 November 2015

	
90

	
204.49




	
Cheonan

	
29 April 2000

	
29 May 2000

	
31

	
74.05




	
Buyeo

	
15 August 2015

	
9 October 2015

	
56

	
129.78
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Table 6. Determination of extreme drought (2015 drought).






Table 6. Determination of extreme drought (2015 drought).





	
Extreme Drought Factors

	
Conditions




	
Dangjin

	
Seosan

	
Boryeong






	
(A) Drought monitoring (Days of continuation, under SPI −2 and continuing for less than 30 days)

	
○

	
○

	
×




	
(B) Drought monitoring (Consecutive Years of Drought)

	
×

	
×

	
×




	
(C) Period of water availability

	
○

	
○

	
○




	
(D) Period of drought recurrence (Period of recurrence of 50 years or more)

	
×

	
×

	
×




	
(E) Region-based envelope curve

	
×

	
×

	
×
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