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ABSTRACT

The impact of droughts can be reduced through sustainable drought management
and proactive measures against drought disasters. Accurate and timely provision
of drought information is the most essential. This study developed a drought
forecasting model to provide high-resolution drought information based on drought
indicators that is useful for decision-makers. The purposes of the study are (1)
to identify the needs of decision-makers regarding drought information through
a two-part survey; (2] to develop a drought forecasting model using remote sensing
and long-range forecast data based on machine learning, then assess its
performance; and (3] to provide improvable ranges of drought forecasting capability
in case of enhanced long-range forecast.

A two-part survey, in the form of a questionnaire, was conducted. Fifty-one
government officials from 17 municipal governments were asked to participate in
the survey. These government officials’” main duties include addressing issues on
droughts, heatwaves, disasters, wildfires, and urban greening. The first round of
surveys had a return rate of 53% (27 participants), and the second round of surveys
had a return rate of 19% (5 participants). Although the return rate is low, each
response was considered seriously and applied to the design of the study because
the survey was conducted replacing one-on-one interview.

If an institution, that is trusted by the public, were to provide drought information
tailored to different sectors, the use of this drought information would be improved.
Most respondents preferred to have weekly temporal resolution while only some

preferred daily or monthly information. For administrative districts, most preferred



spatial information while some preferred spatially distributed information (with
spatial resolution as high as 1 x 1 km). The need for 1-month to 1-year lead times
of drought forecasting was also identified. Judging by these needs, it seems to
be necessary to develop a drought forecasting model with a weekly temporal
resolution and very fine spatial resolution. This study attempts to start the process
of getting to that goal by developing a drought forecasting model with a monthly
temporal resolution matching the resolution of the long-range forecast and a 0.5
x 0.5 © spatial resolution, which matches the resolution of remote sensing-based
data. Drought forecasting models with finer temporal and spatial resolutions will
be developed in following studies.

The survey responses also called for drought information for gauges, as well
as spatially distributed information based on remote sensing data. Sixty percent
of the respondents of the second survey intend to use remote sensing-based drought
indicators, even if the accuracy is lower than gauges. Drought risk assessment
was performed for general drought impact categories, but no significant results
were obtained due to the small number of respondents. Despite this, it is still
meaningful that the respondents gave high priority to environmental and social
drought impacts, which have long been ignored in comparison to other categories.
This calls for a more detailed drought risk assessment for each drought impact
category.

Several drought forecasting models were developed that predict drought indices
of the 6-month Standardized Precipitation Index (SPI6), the 6-month Standardized
Precipitation Evapotranspiration Index (SPEI4), as well as the Normalized Difference
Water Index (NDWI). The Multiquadric Spline Interpolation method and three different
machine learning models of Decision Tree (DT model], Random Forest (RF model),
and Extremely Randomized Trees (ET model) were tested. Interpolation methods

have traditionally been used to derive information for ungauged locations using



information from neighboring gauges and their distances. Machine learning models
were tested to enhance the provision of initial conditions of droughts based on
remote sensing data, as initial conditions are some of the most important factors
for drought forecasting.

Classification of drought categories and regression of the values of drought
indicators were performed. The input variables of machine learning models
predicting SPI6 or SPEI6 include the: 6-month accumulated precipitation (PRCP),
6-month accumulated potential evapotranspiration (PET), Normalized Difference
Vegetation Index (NDVI), Normalized Difference Water Index (NDWI), Daytime Land
Surface Temperature (LST_DAY), Nighttime Land Surface Temperature (LST_NIGHT),
Multivariate ENSO Index (MEI), Arctic Oscillation Index (AOI), and month (MONTH).
The target variables are SPI6 or SPEI6. The models predicting NDWI use the periods
matching the lead time for PRCP and PET instead of using 6 months.

Sensitivity analyses were performed to determine model parameters of the three
machine learning models. In order to avoid overfitting, Leave-One-Year-Out cross-
validation was applied by excluding one year repeatedly from 2003-2015 input data
for training and using the data for the test. The performance measures used are:
the accuracy of classifying drought categories such as Extreme Drought (ED), Severe
Drought (SD), and Moderate Drought (MD); and the Mean Absolute Error (MAE)
for regression. They were evaluated for 61 Automated Synoptic Observing System
(ASOS) gauge locations.

The performance of long-range forecast is out of the scope of this study, although
it is the most important factor of drought forecasting. Instead, the performance
of long-range forecast data was evaluated against the use of climatological data
(baseline), for the purposes of filling the future period of the lead time. A perfect
forecast was simulated and improvable ranges were provided. The interpolation

method was compared to machine learning models for drought forecasting for



ungauged areas.

When the Long-Range Forecast Method (F method) was compared to the
Climatology Method (C method) for gauges. the C method outperformed for both
classification and regression. Classification accuracy rapidly decreased and
regression MAE increased with longer lead times.

The Climatology-Interpolation Method (C-I method), the Long-Range
Forecast-Interpolation Method (F-I method), the Climatology-Machine Learning
Method (C-ML method), and the Long-Range Forecast-Machine Learning Method
(F-ML method) were compared for drought forecasting in ungauged areas. Machine
learning-based methods performed better than interpolation methods for both
classification and regression, and the methods using climatology data outperformed
the methods using long-range forecast. In most cases, the C-ML method performed
the best in drought forecasting.

A perfect forecast was simulated and the Perfect Forecast-Interpolation (PF-I
method) and the Perfect Forecast-Machine Learning (PF-ML method) were
compared to the F-I and F-ML methods, respectively. Classification accuracy of
the PF-I method was in the range of 0.34-0.38 for SPI6 and SPEI6, indicating that
the classification accuracy will be still below 0.4 despite a perfect forecast. The
PF-ML method produced higher classification accuracy values ranging from
0.39-0.56. The ET model performed the best for SPI6 and SPEI6 forecast. Regression
MAE of PF-I method was in the range of 0.47-0.53, and MAE for the methods using
machine learning models produced an even lower range of 0.35-0.42. The RF and
ET models performed very well. The performance of the F-ML method is expected
to surpass the C-ML method as the skill of long-range forecast improves.

The Vegetation-Climatology-Machine Learning Method (V-C-ML method) and the
Vegetation-Long-Range Forecast-Machine Learning (V-F-ML method) were

compared for NDWI forecasting. The classification accuracy of the V-C-ML method



is 0.52-0.53 for 1 to 3-month lead times making it similar to the PF-ML method’s
(ET model] performance for SPEI6 forecast. The V-F-ML method (ET model)
performed the best for the 4 to 6-month lead time with the classification accuracy
of 0.51-0.53. The increase of MAE with lead time was not steep. The performance
either decreased or was only slightly improved with perfect forecast simulations.

The model that outperformed overall, was the one that was based on climatological
data and utilized the machine learning method. Although the contribution of
long-range forecast for drought forecasting was not large, the use of machine
learning modeling based on remote sensing data contributed to the enhancement
of drought forecasting skill. Drought forecasting based on long-range forecast is
expected to outperform the forecasting based on climatological data, as the skill
of the long-range forecast improves.

In conclusion, it is recormmended to forecast SPI6 or SPEI6 values based on machine
learning using climatological data to provide spatially distributed drought information
with a spatial resolution of 0.05 x 0.05 °, as used in this study. The classification
accuracy will be in the range of 0.47-0.52 with 1-month lead time, and will decrease
to 0.21-0.35 with 6-month lead time for ungauged areas. The regression MAE will
be in the range of 0.41-0.47 with 1-month lead time, and in the range of 0.56-0.59
with 6-month lead time for ungauged areas. The long-range forecast will be more
useful with the improvement of their forecasting skill, the classification accuracy
with perfect forecast will reach 0.50-0.56, and the regression MAE will reach to
0.35-0.40 for ungauged areas.

The models predicting NDWI were less sensitive to the performance of the
long-range forecast, compared to the models predicting SPI6 or SPEI6, and showed
higher classification accuracy as well as lower regression MAE. NDWI can be useful
as an indicator related to environmental drought impacts. It is recommended to:

(1) improve the performance of the long-range forecast in order to provide drought



information to decision-makers using drought indicators familiar to them; (2) use
models predicting NDWI; and (3] produce and disseminate drought information
related to environmental drought impacts using NDWI. The classification accuracy
of the V-C-ML method ranges between 0.51-0.53 and the regression MAE ranges
between 0.45-0.50. Although this study used NDWI as a drought indicator, remote
sensing-based drought indicators combining several variables, such as the Scaled
Drought Condition Index (SDCI), can also be used.

The performance measure results derived from the models tested in this study
can be used as baselines for future drought forecasting studies in the study area.
To reduce uncertainty of drought forecasting, the developed model can be used

with the existing drought information system as an ensemble.
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2] 74-%- Moderate Drought AEE Ho|il oy A&, ¢IH, A7]19] 67) #=
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Figure 1-1  Drought conditions based on (a) 3-month Standardized Precipitation Index (SPI3) and
(b) 12-month Standardized Precipitation Index (SPI12).
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Table 1-1 Drought classes of SPI and SPEI

Classification Index Value (Unitless)
Extremely wet(EW) > 2.00
Very wet(VW) 1.50 to 1.99
Moderately wet(MW) 1.00 to 1.49
Near Normal(NN] 0.99 to -0.99
Moderate drought(MD) -1.00 to -1.49
Severe drought(SD) -1.50 to -1.99
Extreme drought(ED) < -2.00
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Figure 1-2  Flowchart of the study.
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gla=to] gk o)t ohekdtd|, tiFE gl 71We = g elth(Table 1-2).
%, &3 Adt(disaster), 93fi(loss) 2] FEIH] o] A= A= Zol ¢
3| 2 A (hazard)7} Et}h Smith(1996), IPCC(2001), Adams(1995), Jones and
Boer(2004) 52 g|AAE 9l a0 WASEY 1O wjsf WA Aol gow Hat
tF. ¥FH Downing et al. (2001)= Y8245 7ot FAo AES 7oh= Ada 2
L2 Jjdo g AHolsly] glAIE Q4o sEol|gtal Aottt Stenchion(1997)¥
UNDHA(1992)= 2|25 ARS]A] FoPdat ABAIA flsflaaxe] T S5 F ok
O] FOo =7 KO Crichton(1999)+= a4, FoFY, =9 g2 A o514t
H AJLo| A= Jones and Boer(2003)2] Ao 2 g]ATE QoA S E £ =
i W s ZEe] Fow Aelsisich

gad = wulE X mjaie (Eq. 1-1)
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Table 1-2  Definitions of risk (adopted from Brooks, 2003).

Author(s) Risk definition

Smith, 1996 Probability x loss (probability of a specific hazard occurrence)

Hazard = potential threat

IPCC, 2001 Function of probability and magnitude of different impacts

Morgan and Henrion, 1990;

Random House, 1966 “Risk involves an ‘exposure to a chance injury or loss™

“a compound measure combining the probability and magnitude of an

Ad 199
ams. 5 adverse affect”

Probability x consequence
Jones and Boer, 2004; | Hazard: an event with the potential to cause harm, e. g. tropical cyclones,
Helm, 1996 droughts, floods, or conditions leading to an outbreak of disease-causing

organisms.

Expected losses (of lives, persons injured, property damaged, and
economic activity disrupted) due to a particular hazard for a given area
Downing et al., 2001 and reference period

Hazard: a threatening event, or the probability of occurrence of a
potentially damaging phenomenon within a given time period and area.

Probability of hazard occurrence

Downing et al., 2001
onning €t &t Hazard = potential threat to humans and their welfare

) “Risk” is the probability of a loss, and depends on three elements,
Crichton, 1999

hazard, vulnerability and exposure.”

“Risk might be defined simply as the probability of occurrence of an
undesired event [but might] be better described as the probability of a
hazard contributing to a potential disaster...importantly, it involves
consideration of vulnerability to the hazard.”

Stenchion, 1997

“Expected losses (of lives, persons injured, property damaged, and
economic activity disrupted) due to a particular hazard for a given area
and reference period. Based on mathematical calculations, risk is the

product of hazard and vulnerability.”

UNDHA, 1992
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Figure 1-4  Risk Assessment Processes (adopted from DEFRA, 2011).
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A7 A A A (heuristic) AE7F A AFE o]k HHo| ik, A7EAZ <l A
7h AlAEo] MR R Sh= A2 A7E ARl ola =AY, Q1Zto] AlEst
A AR E o|g3dlo] 7 A7} E&3 4 gled), olggt S5 wHA o) HiEE ndlg
Z1Agk5ol kil g oJgtth(Jensen, 2005). Flofl 913t Decision Tree(&JAHEHEA
T e HHEAED) BEe HF BA A A4S AT A 7IASS dare
9] sifoltt, 7AIshs daregE It 6%7}94 7 %’iol Xﬂ%% T A=
g 23 220& At AETE AR

Jensen, 1997).
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2 4 St olge WHE A= HaE 11 224 dAE YAFeR 9 F
87F glaz Ol%il(outlier)oﬂ gl duks AJ4Abstr] wfEolth(Mishra and
Desai, 2006). 18] 94 GgolA =&3t B Aot 7Has dSdte 2dS
Ndshs 2 Aol 53] A3tsict,

520l B8 AU B

_b_, _{0

H ILoj| A= Decision Tree, Random Forest, Extremely Randomized Trees
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Decision Tree(DTEE)+= X|AI7|WE AE7} A|AHS dFo7 7P 2 %
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Conditions
Hypothesis 1 Rule slope > 0°
The terrain (pixel) is Specific combinations slope < 10°
suitable for residential of slope, aspect, and
development that proximity to shadows aspect > 135°
makes maximum use result in maximum
of solar energy. exposure to sunlight. aspect <220°
shadow = FALSE

Figure 1-5 A decision-tree expert system with a rule and conditions to test a hypothesis
(Jensen, 2005).

DTRY2 ofg] l(leaf node)?} 7}A](branch) 2 ==t ¢ JrE2+= skt
O] ZRA|E E01& = Il 3Fe] Sl EofA= Tho(HF F i FLk) 7HX]7} wof
Wtk(Figure 1-6). Eg|9] &1 ©Alof| = ghgol AREE= 4 Ao F& A

TS ZF QoA U= B gr(split function) o] 7S & s}sh=d|, o] 1+
AL ¢

ol Aje] B ikl ME gL BE W 2 AL BRE <19 o 3ol
S b wEED B AT oleld sk A
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A JEoRE B0 49 7bg Qury
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3] 749+ Mean Squared Error(MSE)
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T35t ol W E Qlel] FHAE= Gini A4 groR A 4= gtk
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= D i (Eq. 1-3)
ZEJV
1
MSE: H(X,,) ) (Eq. 1-4)
ZVm ]EN

Decision Trees 7hgdl&ol 283 & EW Tadesse et al.(2005)2> 914494+
oA} &3t A 27 RS SPI 59 7H= A 2 EX] o], EoF £ A 7hs
T, W A T 22 AEYAQ MaesT § o8t 2, 455, 659 T
oFsl x| A 7Htime lag)S 7HA= mEle L& 7R Al W 2HE Segleko] oo
7FssHA skHE olE {18l 2] 718ke] 319 #X|&=(rule—based regression—tree)

mse = 0.00313745383847
samples = 4448

l

X[0] <= 7.5000
mse = 0.00101630185126 mse = 0.00515185373202
samples = 845 samples = 1159

2\ VAN

mse = 0.0008 mse = 0.0006 mse = 0.0123 mse = 0.0034
samples = 1019
value = [-0.02325826]

mse = 0.00267970163436

X[8] <= 50.1692
samples = 4253

‘ X[7] <= 77.9590

X{o] < X[2] <= 0.0494
mse = 0.00113569931529

samples = 3094

mse 0 DO 8 mse 0 00 4 mse 0 000 mse 0 0015

20 san samples = 743 samples = 100 samples = 140
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Figure 1-6  An example of a simple decision tree from a regression model tested in this study.

Random Forest(RFEE)

Random Forest+= Decision Tree®] 7|%3t 7|A|gHs HHE0 2 nz7x|2 &
7 % IHE FH 22 2t} Decision Tree?} sh2] EF|RHE o]-§-ol=H| H|sto
Random Forests'= of2] 7)2] E2l2 opaEsto] ol §otis], Zizke] Eelg 0|2t
B2 (classifier) T 3] AHregressor)7} Ho] JAEE shto] EFA £: 3
AAE sl =k

T oA ofe] YOJA ] 2a(randomness) 7t B-85=H, 417 (bagging)©]
sk 398 59 Z7te] ool dholel FH2 sigelo] U wEle] Qoje] B
A o o9 Wy M3 22 37|12 AYAste] ARt vl 72 Bootstrap
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7Ho] AL Haste|ne JEEst ohekel BR 9 89 o] AEA |
o}, Zb7be) QesolA 9l WEe) Eakulo] Qi W4e] £EE QejHow Aua
/\ 1_.

=, olFA dF W(feature)TS o]-&3h=
bagging)©]gtil 3tch o3t ¢Jo]Z ol 9 A0 A8-2 Au}A]
o]Z(noise) o] Ao = FFS & WA It

Random Forest+= Out—Of—Bag(OOB) QX5 o]-&3| AREE ZF #H4=0] A& 2l
SR=E A3l Fth 00B exb= 7ol AREEA] 92 A HE 9 oS4kt AA|
&e] Soh=tl, ofuRt M A S =5 SAHskaa & uf Z42ke] Eof tis] OOB
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1 A ARtse] e Bl Higf B3t olE %311 T’L'} % (cross—validation)
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Extremely Randomized Trees(ETHE)

Extremely Randomized Treest= 2} oA &&o] o]Fojx|= HA]of] Joj=|Ql
847F F7HE| Sl & Random Forestol| A= ZF Qlof|A] iao] o] ol 4 uff ¢ )
B BB Xglo] 71 2pEA 0 2 U= 7|52 ARE3=d|, Extremely Randomized
Treeso| A= 1 7]&S Joj= AEist Sof 71 % 7}XP o3l 7] HE gzloz

ARG, WSS 4d FAEL RPRd 2 WAoR 78 4 g
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= 28317] Sl A&t

7FadlES she ARE B3 A1 Abo] o] oA mesha] ¢k mlEftyke] o
sto] 7] 7|%dE ARE ARSSE AE 7ISAT vusidled, IEAe R
Lyon et al, (2012)9] W& A8sigict. o] W B Au7t 2A6HA] U=
uje 7|7kl disto] 22 ol sfidsts IA WS AR FFolA Monte Carlo
Simulation W& o|-&slo] 1003 AEo WEZ FEohL o] 59 T

==
(median) & O143H= WolTh, of WS Folo] 44, ] &% 5 W4 7|
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71z70] 298l AT Firhe AL o)X

gt A71oS dat 489 A Quan et al, (2012)9] WHES o]&shTt,
Quan et al, (2012)-2 Global Climate Model(GCM) 2] 7]&Z}a} o =7k2] 2}l ok
& 15k % o] opthe|et Y 7]9gke] vlQl S7FEa(percent increment)

= AL ol WS AR 9| 7|%gtel A&sto] HAE dSiE AlAlekh

Pu, = PT_ P(: (Eq. 1_5)
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P,=0.(1+P) (Eq. 1-7)

o W, Pp, P, P, 22} W g, ohwrelols] P& Z7EE

HA,

1o
£
B{}
)
N
401'

’

0. 217t HAE 53 W BE s)Fgol

((1]7 =



1. ME |

v AZA 9] Sl Zel sl THEeISe] S WS AAE] s a4
AeliZo] EAsH: A9E Hgste] TA dis) A4 BET AW AR EE
Aol Ofbe] w0l 25 F7lsto] % A5-S BksEh deln o) 7o)

o[ g3 9ok vlwstel PR 5 Uk WS mEIAAL,

1.3.2 X |2
1.3.2.1 B |ME=SKE

Salube} 61719] ASOS TEA] Aol A (Figure 1-1) 19734 195E] 20154 87}
29 EdH 7} A 7| & RS IESIYT dr|eE AR 25 E Thornthwaite
tﬂ-tH(]_948)% o]_Q_gl.oq XPXH ﬁlﬂé—{\_%};‘%— /\]—XJ o}oﬂ]:]‘ Thornthwaite H]—tﬂ i<l 7].9.0]
A At Welshe A9 WA Fubae] gitky SR 53] Solube A
Aol st} 2247} = —/F Ao & Ao AR A7 ASA RN AlSSh=
W7} Penman—Monteith B O|L Hargreaves WH-S 285k qbE thofFshA] &

ooz ANRAHE 9J5l9] Thornthwaite S A2},

1.3.2.2 7|&X|%

A o] w2t 712101 7he A it 715 Z]—r@r AHEAE Hol7| = iy,
£3] El Nino Southern Oscillation(ENSO)+= &5 52| A oA Zr=gfa} UHsH
UAE HYeERH=Hl(Chiew and McMahon, 2002), ”J&ﬁH e AT 2 A
ol whet th=2A vepdtt, & ko A= ENSOQF W E ofd] HeE A7eh v
4> ENSO A|4>(Multivariate ENSO Index, MEI) @} B2 Z|4>(Arctic Oscillation
Index, AOD2 7Heol&of o83kt

th71et sfe] Ao = Qlsf) 2dofx T F7| & S-S5 Ao BB L] 420]
H78/ 2 02 #OoHA|= Bl Ninot Aol B JollA] &A] th7]1e] Aot dsto] vkt
= Sl AEe] ¥H3Ekel Southern OscillationS ZAdFslo] ENSOZ A3t} ENSOES
AFtelr] fIgk ofe] A5=7k Lo, & Aollse g eE e oAl MaE A
MEIE ARE-3FSITE MEIO| ARG oAl FH== 3l 7|2} (Sea—Level Pressure), 54
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THAquado and Burt, 2007). 1950@5-E 2015 8€7}X| 2] AOI AlE+=

7| FASAE A DESHATHwww. cpe.neep. noaa, gov/products/

Table 1-3  Satellite data used in this study.
T ( Spatial
Product empofa . Ié Variable Start Date | End Date Latency
Resolution Resolution
Archived past
TRMM 3B43|  Monthly | 0.25 x 0.25° | Precipitation | Jan, 2001 | Dec, 2012 | " ijvet pas
ata
GPM IMERG Monthly 0.1 x 0.1° | Precipitation | Apr, 2014 | Apr, 2015 | 4 Months
18 h
GPM IMERG Daily 0.1 x 0.1° | Precipitation | May, 2015 | Aug, 2015 ours
(Late Run)
16-day (Produced
ay8[dr° “Cih Bands1-7
eve ays wi
MCD43C4 v y 0.05 x 0.05° Surface Mar, 2000 | Aug, 2015 NA
16 days of
o Reflectance
acquisition)
Land Surface
MYD11C3 Monthly 0.05 x 0.05° | Temperature | Aug, 2002 | Aug, 2015 NA
(Day, Night)
MYD13C2 Monthly 0.05 x 0.05° NDVI Jul, 2002 | Aug, 2015 NA
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PRSI

E

7}4eF X5 v|=k National Aeronautics and Space Administration(NASA)2}
QJE Japan Aerospace Exploration Agency(JAXA)o]| 93] FEo= 7t o]
1997 e 27 E AYAFSE Tropical Rainfall Measuring Mission(TRMM) A}&=2}
20141 29 279)0] WHALE Zo-of Zhe] AAT TS AR ATEH 24 9]
A YEYF2] Global Precipitation Measurement(GPM) A2 E o|-83}% T}

TRMMS] Precipitation Radar(PR)-S 7+4=9] o8] & Eilslo] L=E0 24

BE9 4 5 S 4~ 1o, TRMM Microwave Imager(TMI)+&= Z|3EH 2
7)ol A WAL= wpol A 20} o JA| & HSste] =571, 52 & YR A A

= AeFslaich Al A7 &) 73eek A2 Q] TRMM 3B42 A9} )=+ NOAAQ] 7]
Sal|ZAlE o A AYAFSE Climate Anomaly Monitoring System(CAMS) HX]- AXA}
e o] 739 A&, Global Precipitation Climatology Center(GPCC)2] HA|GE 73-5-
WS ARE YT d 939 A A= Q] TRMM 3B43 AtwE o] 8-5k3ith, &1t
Z WO 50°S—50°N, 180°W—-180°Eo|n, 7} sAHEE 0.25 X 0.25° o]t} &
Atz AWs = (Equirectangular projection or geographic projection),
WGS84 Hlol"(datum) o2 Ex|o] 9Jom u]xt Goddard Earth Sciences Data
and Information Service Center(GES DISC)ol|A| &5314ict,

2014 79 8¢ o]&& TRMMO| 9IXE 1Aslr] &3t g Bxo=a 1wr} 8t
Fstel 109 79 olF R PR A4me] ATl FAHUCTET 20144 4RE S
GPM Integrated Multi—satellite Retrievals for GPM(IMERG) A2 & o|-83}3itt,
IMERG A}&9] 574 ¥+ 90°S—90°N, 180°W—180°E°|H, &7t A== 0.1 X
0.1° o]}, TRMM A}&&} 7R 2 Auld = (Equirectangular projection or
geographic projection) 2.2 E4x|o] 9] o™ NASAQ| Precipitation Measurement
Missions(PMM)9J|A &E35}99tHhttp://pmm, nasa, gov/data—access/downloads/gpm) .

TRMM 3B43 2 GPM IMERG A}E+= mm/hr @92 AFEEZ mm/month
91z AFEYo] ofe] A7 Hwo] Heh LAY Jre ol g3 S RS 1-67]
o Fot FAE A5k gk F8kgith. GPM IMERG AHR9] 749 ¥ 2h729] A1

7] AlRto] 47 doju 2 2015 5HFE 8U7A| Y Are dE ARA8AIRE A
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9] Late Run)E& L5to] Yz Assiich

A FHHE == vl= NASAQ] Aqua 4390 ©A1E MODIS AlA| 2 5E A = 2|
#9] MYD11C3 Land Surface Temperature and Emissivity AF=Zo|A E=&6}GTE &
Atz A7t s A, 3K alPd = 0.05 X 0,05° o|w] =7t A 2=} of7k
A 255 % AFstcl sphy, AWE =W (Equirectangular projection or
geographic projection) &2 FJE|o] Q) o] X7 u|=t NASAS] Earth Observing
System Data and Information System(EOSDIS, http://reverb.echo nasa.gov) of| A
s=stiny

Aqua 9442 20029 59 4dof AR AM o] AIAE HAsAL Atk
0] = Atmospheric Infrared Sounder(AIRS), Advanced Microwave Sounding
Unit (AMSU), Clouds and the Earth’s Radiant Energy System(CERES), MODIS
= ol ARE F AASHT SIT), AMSR-EE 20119 109 49 Shelu 25 FA)2
o3 t] oA ArE AR o oA HA AlA Q] Humidity Sounder for
Brazil (HSB)+ 20034 2 2150] SAE At Aqua §1449] ZFuyoxe] Hx &
I AR 2740 1A] 302, SAOMY A T AR 2% 1A] 30&°|t.

A1z I/’\

Al R]4=2Q] Normalized Difference Vegetation Index(NDVI)= Aqua $4dol &
A% MODIS XA 2HE A= & A= Q] MYD13C2 Vegetation Indices Z25-F
TZEQIh 7HEo g Qg AlEo] R R sl Eo] REFRE AL A AE 9
skl Wl % BRERE 2R AT} ASS AelH e 2 S3HRED)
3} S22 9](Near Infrared; NIR) %19 WhAH=] Wal2 ol &5te] NDVI o] 7]
drejo] de] ARE-E o] ItH(Tucker, 1979; Eq. 1-8).

NDVI= PNIR ™~ PRED (Eq, 1-8)
Pnirt PrED
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o wf, p= FEWHHHAREOIT) FIF A=+ 0.05 X 0,05° o HWE LW
(Equirectangular projection or geographic projection) & FE|o] Q11 R}7
= YAl vl= NASAS| EOSDISOA &S5RIt

HIALS

1

Bl
(2,

l

10

4 F 718K 7he AlgE APSE] f18f Terra 914 9 Aqua 9140l HAE
MODIS AlA 2 E 9] & A}FHQl MCD43C4 Nadir BRDF—Adjusted Reflectance®
FE U S EEIGIH Nadire 917404 Y40 XxE IS5 o H|AE
SFA] ko A ofgj& WS AL go]jx E }# = Bidirectional Reflectance
Distribution Function(BRDF) ©]-8-5t0] ¢4 ©ALS] 50| Nadir RO R o]F
o) AAY mdgS Ed FHUTAES A Zo|th, Terra 9142 MODIS AllA]
ALz ot Aqua 91449 Ar=7F A AREEIRl e, AR ZFR o] AIRE s 16,
S7F A== 0.05 X 0,05° o]t} AtE= AW = (Equirectangular projection
or geographic projection) &2 EE|Q]11 u]=t NASA2] EOSDISO|A EESHSTH
MODIS®] 367 WE % T7He] Ershakgo] AR e 169 ARE Ud LAo] AL
s7] 9ioh 2t ol S & 4~ B ASsiel W8 Amz Ak

1.3.2.4 27|01 X2

ARESE A7) 0| AR E Table 1-49] YERY STt APECY|SAIE|(APCC) 2] 6714
of| 2o ARRE= oAl 71A] 7 2dElQl MSC CanCM3(Meteorological Service of
Canada Climate Centre third generation coupled global climate model), MSC
CanCM4(Meteorological Service of Canada Climate Centre fourth generation
coupled global climate model), POAMA(Predictive Ocean Atmosphere Model
for Australia), NCEP CFSv2(National Centers for Environmental Prediction
Coupled Forecast System version 2), PNU(Pusan National University),
NASA(National Aeronautics and Space Administration)2] 1-67]¥ o= A3)A]
710l 749 4 2 m 7| % &AL RE ARESIILE AR APCC DatabaseZ5-E
YS3h AeAkRe H7leE AR WE AR EE g, st 2.5
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X 2,5° o]al &)= ZFZ} mm/day®} Kelvin(K)o|t,

Table 1-4  Global Climate Model(GCM) data used in this study.

T L Spatial
Product empora i |a- Variable Hindcast Forecast
Resolution | Resolution
Jan. 1982 - Jan. | Jan. 2013 - Aug.
MSC_CanCM3 2011 2015
MSC_CanCM4 Feb. 1981 - Jan. | Jan. 2013 - Aug.
2011 2015
o Dec. 1981 = Nov. | Jan. 2013 - Aug.
NASA Precipitation, 2012 2015
Monthly 25 x 2.5° 2m Air Mar. 1982 Sen, | Jan. 2013 - A
Temperature | o 7 oeP- ] an. A4
NCEP CFSv2 p 2009 2015
Mar. 1980 — | Jan. 2013 - Aug.
PU Dec. 2012 2015
POAMA Jan. 1983 - Dec. | Jan. 2013 - Aug.
2011 2015

1.4 Ml XIEY

SHE IR 3 7RG Ee 7T At s AN £421(2012), ©]
Z19(2015) 9] A+ 2 714 Y] TRV EAI2E(2015) 2 A 4 ok &1
(2012)2 CCSM3(Community Climate System Model), POAMA(Predictive Ocean
Atmosphere Model for Australia), NCEP CFS(National Centers for Environmental
Prediction Coupled Forecast System), PNU(Pusan National University), SNU(Seoul
National University)€] THl 71¢] th7]-al} 23k AT 715 mele| chamelop
AFE(Multi Model Ensemble; MME) S ©]-85}o] SPI®} 37 <51 X]=(Standardized
Precipitation Evapotranspiration Index)& AFYstal, d3te] 607 #= X9 6
N APe571712) 5 7ha2 oSSkl iE gl ofshy wd AvE thA
SAACE the2ALE s, o] w 4 JiERd EE A oS e e
%3} Coupled pattern projection method WS 83513t =, A HAEHZE 7]

29 Zhgrof tief /HEA Y] S, 2 m 7] &%, 500 hPa Geopotential il
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I, 850 hPa 2%, 850 hPa 4%/ 4 vlg}, 200 hPa 4=H/AF v, s
(Sea Surface Temperature, SST)2] 97}4] o= WM = 7P 2F db= AL ’1‘_@5}
o] o]85h= Zlo|t}, LEPS(Linear error in probability score) Skill Score® 7}
SIS o, 6071 AH H9] SPIQ} ¥ 42 HHAR|4~(Standardized Precipitation
Evapotranspiration Index, SPEI)®] Skill Score®] 739 A4 t}2AAIYHSE
= W7k 2427 0.27, 0.25% SAA AU E S SHA et wiel 0.07, 0.05
Hep =4 et

4~

71 A= 2015@ 109 A AHAAFL AZAZA|AHC] Global Seasonal
Forecasting System Version 5 (Glosea5) @& 0|83t 60 X 60 km A =L &
7R HA LR S Hdste] AL} ARG o tiste] ARG AlZF
Shoich ol Be) /4%, 349, 674Lel SPISH B7HEA|(Palmer Drought
Severity Index: PDSD) 9] 7ksd% ks AAkste] Alsgtet

OI1(2015)% W Aelo] thslo] 4 ARERE QL e, ARULE, A
A
radiation; FPAR), &
Difference Vegetation Index; NDVI), EVI(Enhanced Vegetation Index), E&F 4=

a3 HEARE(Fractional photosynthetically active

H A Z|4>(Leaf area index; LAI), A2 A|4(Normalized

£ ARt g fi7jed A4Ql thH4ENSOA]4x(Multivariate El - Nino
Southern Oscillation Index; MEID)2} E=Z% X 42(Arctic Oscillation Index;
AQD), 183 AR AFEEoA] J2 AA 9 )] FHIRF} EQF 8-S 74

k& el o] 3F £29] Random Forest M &9 918 ZFo & ARE3S}o] SPI, SPEI, 1
23l AR 4(Normalized Difference Water Index; NDWI), AH7H=X]4
(Normalized Difference Drought Index, NDDI), At =72 A]4>(Normalized
Multi—band Drought Index, NMDI)2] o]8] X|4& o=}t AHEE AEE2
T A of] st #-835k3Act

& AolME 7AlRks e Y WS o83 7hedllS L A Y Tt
oJ51%

W9l Aol 29e WEm iek whebd] Jaba slFmue] Auke] AM ARl
FHe 2 £ gerom, ALY /BeE BdY o3 452 sh
wa 02 ALgateiet, © wHlo] ofujet 9bH SIFEE APECYIFAIES 6749 o5
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of AL ofi 7b A mael of deba mel AWE ol £
(2012)7 Zo] AT che2AAY YL AGoHA GO Quan et al, (2012)
of W A mele] opeelS AA| BEgLe] 7|33kl Hgstel U] e

oF A o de i ol8si

o

o1 21%(2015)0] I3} e mest vlwshE, 714 8 mHe] EHE Random
Forest @ X @O A Decision Tree, Random Forest, Extremely Randomized
Trees A 7} 2 E4}oto] 2835199t Random Forest@} Extremely Randomized
Trees—= black box @2 AA| d=&= J—Pﬁ £ 7] o8]} Decision Tree= 4
g 7F2l& HEol= white box RHo|Hg BIFS AVE kS Afole Rt
wlo] 9ok, w7 E AFoH AT A Wr] AH Fawo] et wel Y

o MABGIT, e 71 B Aol
= 7124k A4 B Quan et al, (2012)0]
=

A g, 910l W vhe} 2ol

_— 8=

QLA =T ] =
[Ztell tisl Lyon et al. (2012)°] A4
A AAE sk g AuE o]L3)h vid

o
Quan et al, (2012)9] HIH=L 93} 4

=5 £ ] Z<2l(parsimonious) =&

N

T & o] om AN 7HA] wee] A
HE o83k Ea o] MG (2015)= wHel 9 A7 }%Q‘— o e

Tropical Rainfall Measuring Mission(TRMM)of|A] @& ZHike AR&sto] 20127k
AS) RELE olgoA, ¥ ATAHE 0ud AURE AR B
GPM(Global Precogitation Measurement) IMERG(Integrated Multi—satelliE
Retrievals for GPM) ARE o|&35lo] AR 9] ALA]S RASIHTH

l‘_\E

34 478 E’SH AAE chesALY WHE 5 A8t 2 d7E B )
W sHReE B9 AHAZ 4 U Rolth, B3t olg thRtk WHES o|§d
AN PyEstel oia z;oﬂ s}% ;



2 7120 Ho| % 2R |

2. 7t52] Yol { 2=
2.1 71=2] Zelot 7k X7
2.1.1 7122 Ho|

Seltel 7FE B HE AN R Qrme AR ol a2, &
22k 7hEe A} SUAH AFO R AT YT WA o R Y 7}
ol o Mol obd) ZAshA ekrk. uh v R Aol 199818] National
Drought Policy Act;% 2006d2] 'National Integrated Drought Information
System(NIDIS) Act) &] Aoz 7hgof et 71 ¥ete] oisks 53 7ks B4
O] AURE o] R8=t, 7ha= EFA o ® A xpU Aol FH(6H, FA, BEY
T, ATA T, T 9, A Z3D o BS50= olofA ARt AR, ARSlA
FaFolut ZfQlat Aat E= T Azket Ee|HQl TElE 7HAE 4= e e B

(NIDIS Act, 2006)" & #o|5}9ic},

He el REomyE AREAR, Ao ufel o] A&E|AL) S
He P gEE e Fa W 97 B tEA UEYER O SRS
U 7HE9] Aox ti=24 WE 4= Qlt} Wilhite and Glantz(1985)2 7Ha2] A&
ikl 7heo] ARIA YulE Sehe NEA Folet 7Ee] AlEHonset), HE
(severity), E(termination) ! HlI%E(frequency) 5= 336l= 7]< % (operational)
Holz sle] AEagen], 1500] £alo] 71 HolE wisew s Hofo] u}
o Vet EUE, SESA, AEAAS 1B WS Mishra and

Singh(2010) %= 47| of2] At yEhd 72l JiE W Ao A EgT

Z L 7|5 dHS o] Wt AR 7F HOA|(Intergovernmental Panel on Climate
Change; TPCC)olA Wttt =3etas) 9 Aol e 5 HE 11X (Special
Report of the IPCC: Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation; SREX)o|A&= 7He-S “423t &84 &
FHL oI YER P17 Fob ALE vYAH o R Az WH'R o5ty

o} o714 ZHEel Uelo] Bl mHAHQl B i S0k TR THgoR
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J2]g = Qlom(Seneviratne et al., 2012), e £ o]Qof 7HE-2] #1219]

oL} E& =7|91R}e] Z71& 018t ZHkAlefo] 277} BEokE A
9 7]% Alelo} Aglele] =g Mg Zo] BEokihHol HES el =
(BEQk=H 7H) oL} 31, 342, A3k 5 4297} v gAM- 0 2 oz
a0 WHASE 4= Qlth(Seneviratne et al,, 2012).

2 Aol ol2} 22 Jhgel Aols Agsigen JI4sH JhE, B 7t
W), st

B, SBIH 718 3 5l 7148 BT 5UH T8l 212

B2 O gt Seuehe OB Hol 843E, Belrrst 2
2IA1 o] 2 Elojglo] Z4t ol VA & B Aze] B AT Bl
$RE BE RSAS 0 B £aFo| B TFUS FEA71 2o 4

nEy MRS EAoR Helsy] 44 9] ujiolnt,

i rlo X
o

e
e

212 7t X|&®

Sgiol we 1R A7) Aol Zzte] FHEE AT ASER Qe
(Mishra and Singh, 2010), & H3to|A= 7|4 7HE A4 & SPIQ} SPEI, 17
I YA Az oA =T 4= Q= NDWIE o|-83}4t}t SPI+= World Meteorological
Organization(WMO)of| )3} 7|48+ 7H2-2 7HA|517] o 71 Akt A2 AA =
2ItH(Hayes et al., 2011), SPEI= SPI®} S-A}SE A4S Ea) A= 4= 9l=d)|, SPI

7b A= /\}513}% o] w|sto] Zpigat SRS SAlol gt BT
& o BUAR UORL SI, 99 Aol S - Sl NDWIE H40]
1T Sl TS 2SN B F1Eo) AeE

(proxy) 24 AR

O

FEFTATE Yohe 713 (timescale)ol| wet i FAAZ|AL, olF At
sloto] AR, e ARESER W2 X o] A8 7Hssh e e

LSRR AlFZHA QL Bl golsitt, dake 7Rt tigt w2 erdes dE S



2 7120 Ho| % 2R |

o2 AFelstus 54 U $o| 5% Bun vlnd 5 ek ATt A 7]
e AT 4 glong sHge] 1 o] uket choksiA| AHgE 4= glek. et

=] [¢)
o Auke RS wEA] omE YT ERRYSe] Wi €t w4

|z —¢|* lexp(— |z —¢1/8)

fla)= B (o)

(Eq. 2-1)

o] W], x= Pearson Type III X E t}2%= 35 HS0|11, f(x)= Pearson Type
I SERxgeo|tt o, B, &= o] =22 tj/fA4-2 L-EHER] Fd u
(location W), AR} o(scale W), = v(shape W) <k T2 Aol 9l

4 1 o
a=—,08=5olyl,6=p—2=,7=0 (Eq. 2-2)
g 2 g
dHE B4 ST A5 717l e 74 Ay AAES Rt vk, 9
2 L-HUE 7k Al4betaL o] gh&S o]-8-oto] Ads SEEzg<o] vz 4t
< A=t olof wet ZF =4 Freeke] 74 gE(cumulative probability) S A&
o, Ao AE ARESto] SPI 3 AMdsHAl ot
g
z u+2; 4
PEal
—|lz—p+ 2%) 4
F=1-G - <o (Eq. 2-4)
Y
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Glaa) = (M(a)} ! f:tu*le*tdt (Eq. 2-5)

o] W}, Fi= Pearson Type Il {FAEETo|H G= ¢4 Gamma g=<r=o|t},
AP E 7 A0 Hutb2 0, EEHA= 10] E=H|, McKee et al, (1993) 2] A|
Aol wet 7He HEE 25 AH(Table 1-1).

ot
4 4

N
~
2

o

)
=
~

JAREE 1 1km SlAES] WEHAMA 715 RS) Aue] 2.8 ol gslo] ula
NFHEE AU 2sATAC VSRl Auale BaA 2011 (A,
2011)0]] 2la}, Folrlo} xejoli kel 271} o), Ty B4 At
ZoVea Azl haol met AFH 9717 2AelA) H5, weha e
22 97] Afole] 7A7]7} AolXH 7] & F7hR Q) Fuo] Z71e Aow A
T QITHIARY, 2010). 7HEe] ARFA QL QLS Zaapo] Haoll) fRIAHARE
S

QI8 T2 0] YIS wol wonz, Yl £k Fag 1

2l

—10
S~

Jo o=
SHA] gkl %enhe Tejshe wle) JHE WAS AR AR 4 olek webd 715
EERE:

& nejstol Selutere) 7hE WS AYStelH J4 oot S
At e Mg Al mefstolof gk,

eyl ZHkAlEES. E Ao 112]5}e] Vicente—Serrano et al. (2010)-& SPEIS
7HEF S, Tsakiris et al, (2007)+= Reconnaissance Drought Index(RDI),
Ellis et al,(2010)+ Hydroclimatic Index(HI)E 7§35}t RDI+= 7<=} -Z—‘?—_.l'
AFEFO] H]7} log—normal #3E2E wWEThy 7g3le] o] o]REt¢on HI=
Fat Furateke] 45 =Aste] Al4keltt, SPEI: 7t Sklero] 219 4
< log-logistic 3] Sk - A48} B& A 7 4% fat} SPEI= 7l
2 ek 20 A7 95 U Ase 3 BoF AR0 o] AR Ao Bt
BolAE B4 Tefsto] AFTA vlRE RsobA sk Arsel 49 7}
A3l Qlc}, SPEIE= SPIo] £5% A|AE whEcH(Table 1-2). Log—normal H32] 3}

34 U AR RS ok Alx 2t

oo
o ol ‘W
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-2z ofes2))

F(x)=[1+( o ﬂl (Eq. 2-7)

o] o, x= log—logistic ¥XE W=+ FEHS, f(x)= log—logistic TEUET
40|y, F(x)+= log—logistic FAE3xsH=o|tt A w74 a, B, v+ ZHZ} scale

W= shape ¥4, origin ¥H4=o|t},

2.1.2.3 BirEX|e

A 9 FAE 5 A igh TR 9 AEEtel] Ad defiaeR 94
AgofA A FHTAREONA AP AfeEAFE o] & 4

(2014)-& NDVI, NDWI, NMDI, NDDIZ o835t & itoAlL o
5 7 AEAY 7Re At A7 =3l (Rhee et al,, 2010) Aol =8 TS
Z Yeh 5= NDWIE ©]-8-3}3itt.

NDWI= Gao(1996)0] oja] 7= glom Ao ol &3t= 0.86 umét T
w2 Gl Fol= 1.24 ume] F HE o] FHRAES ol83to] tha A3 &

o] AL,

p(0.86pum)— p(1.24pm)
p(0.86um)+ p(1.24pm)

NDWI= (Eq. 2-8)

o] = A& Az uv]23t Ao 9ot At 2238 7FX|1 9t} Moderate
Resolution Imaging Spectroradiometer(MODIS) AlA]= U] 7|9 Thuld 9j A o<
of &tz MEE 7HAAL Ql=Tl(MES = 1,24 um, Y1E26 = 1,38 um, =

1.62 um, ME7 = 2.1 um), o] F WMES5, 6, 79 FHUTAES ARESH] 80l8 #&
Az AlEgtet, NDWIO| AREE= 1.24 pm 2'd-2 o] B} 1 aphe] Adof vla)
Aol EAsh= it ol WIdskthal A Ql=tl, ol 0.9-1.3 um gl
Hsf 1.5-2.5 pm FHNA A Wi Fol &7t oA F=7F B4l A3t wiZoltt
(Gao, 1996). E3F NDWI= NDVI®} BlaLsto] tf7| aifol & 7itst, 4|Ao] -7



L A8 " FrloEXES TIAEES S VEuE

A A el Zakss gEsk A7 S50l W9l YA FLHYU 18 UL

B9 7HE Aol wol AbgHo] &

zxgelue WEHos Mol PR NS
NDVIS} B 7HE] Brtel -85 AR 4 Qe

NDWI®|| ARE-sh= T o)A A= Gao(1996)+= 1.24 umE AIQstict o &
o o)A Ad e ohekgt Aol AREEI=T, Gu et al, (2007)€} Gu et al. (2008)-
MODIS®] YHET0f| 3gsh= 2.1 umE- -85}t Huang et al. (2009) A1A89] 47
Sk A0 Qlo] 1,24 umE ©]-8-%F NDWI(NDWI_1240nm; MODIS ©]-8), 1.64 umE
0]-8%F NDWI(NDWI 1640nm; Landsat Thematic Mapper/Enhanced Thematic
Mapper+©|-8), 2.13 umE ©|-83F NDWI(NDWI_2130nm; Landsat Thematic Mapper/
Enhanced Thematic Mapper+ ©|-8)& H|1s}Hon, AIPA o7 240] H9Q 1 64
um, F9] Aol 1.24 um A o] 83 F97F A & e 7P & 25
ek, 2 Aol A= Gao(1996) o A|otof] whet FA e gt FARE 7] Faka
A 1,24 um AHES o853t

NDWIE 283t 7R A7 v SRSk, =&olA o]Fojl o5 HH
Anderson et al, (2010)-2 NDWIE ojn}& 8-o9] 2005 7153t AHste] =8 11
ArgTF Bt A fagh 2o A7t 95 ESth Chakraborty and
Sehgal (2010)2 9l% Rajasthan F2] =A7IM=2S Hrlshr] Y3l 7H=alel 20023
AlE 719 BI7EEslel 2003E 9] NDVI®E NDWIS 7 H|w st
NDWI= 7H8] 4= 9 "I9S & A6kl d w2 4udAE 2 v
NDVIE Zpakn) | A8 nS Bk NDVIZF 7449 A ans 1ol vhd NDWI
7F 22 A7 Aot w2 IS 2Ql A2 Gu et al, (2007)©] NDWIZF NDVI

H

Hot 7heoll o e Hhedtrhal gl Hat duAdEet)

Gu et al, (2008)-2 20029]A4 2006 4= AA7]9] A72E o]-&3te] NDVILt
NDWI i} B2 B, vlad =2 AAaAE 7HlS 2d 4= 318
o}, 53] Aoz FUtt Agor o]Foxl oo EgFo] mAMIYE(silt
loam) %l 7% EYF 83} 7 =2 AAIE B o] dtollA ShEE H2
AR 7L 5—cm Fo|H 60—cm FETF 25—-cm 50 EFey} 7P E A

£ Eel AU(Gu et al., 2008) ol= YA =E7t AA A7t S EGSY



2. 7t=9l ol & 2F/ |

2o A BEL3RS Kol Aog spAlgolut Hojd o] mato] 2| ;e 714
FE2US SRFtHs ThE S o]u AE Hole] & 4= glnh A7MH o R tfgk 130
A 23 o] Aol yEkyith

ol o7kt 9](2008)7F NDWIE o838l 1999AHFE 2006\d7H4] 2|
SPOT/Vegetation %’4“ FES olgsto] T BE AR A EAHE
RUE sl A7E $8slgon, AT 9(2015)= 1999d 04 2013 Hot9]
SPOT/Vegetation GAF AFEE 08, sHIE 2|9 A 7|-u]o] 5 AEHAS
H7Isteh AeE 9)(2015)& EaF FHIES] tfg AHE BHT} NDWI ofehe] S
H|1L HZFste] NDWI obiebe]7t 425 s AkEo] HIHs] WAgstaS Haith

2.2 7t LYol Hel

7ol 2SI vsiE Ashy] sl g, dis B Etoll sl ==t
olo} €liol 718 WRe] A BHSto] 7K ol o] Bk S o] Yo
ek, 1960, A A S A0l S drorckn @
i glen, ATe) E 1% AR aud o2l Relel 4Eagol ES
kst & 4 Qi) o]gfst 890EL AYk/FHA5(El Nino and Southern
Oscillation: ENSO), &l|4~H &%= 9] ofi=42](Sea Surface Temperature Anomaly:
SSTA), &1} ti7]9] HE2E o5 ZFAHCEAT2, 1993).

2.2.1 2Q| 742 Walo| 210l

ool M= Zhe EA Y] Hele RSt = ko] vl e ARE lof £
o, 2719 455 AHEH A5 5°] Namias(1955)«= v=9] o542 7%94 ich
ol 2 ZAA) sYAule] oFAME(quasi—stationary planetary wave ensemble)S A
Fsto] vl=r A5 A7 e AU GAIshs thAS B BB 27149
Z QA4S AA5FA T Namias(1991), Janowiak(1988), Ropelewski(1988)+ u|=-9]
1988 AFHE 7Hea 43t =H, Namias(199)= ©] 7kgol o5 24 S
& BlAY, vt Aol Al 71 AF A 2719k ok 7 @43 E o] B
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Figure 2-1  Locations of Nino-1, 2, 3, 4 and WP-1, 2 (Source: An et al., 1997).

740121(1998)- 1935 K E 1996 2] 61d7Fe] AR E E3 ENSO 2|42l SOI
(Southern Oscillation Index)Q} 3HtE 7|2 9 7k4=gko] A WHEulo] Akl
£ AR AT, 719 B9 AUk dfolls ALE 7=0] 1L o953
7]&0] B yepgen Ay o - ol Stk Ae v 8 &4
A} e 712 ¥E 5 61 7719 ®Fo] Ak X|e} oF 1HoA 1,59 Alxt
[olE FaL A= o] glom, k] A9 5-7d 9 3¢ F7]9] ¥Fo] Ao}
AR 9J(1999)= AY kTt b= Bl 9 7]}
12th= 225 Ao 7129 4 Ay o o548 A2 9 A
20 U sfo] oFd 12 W ASE A2S Rtk Ao A5 Ay
& 7ol o] Hd T =oix|al 9|7t BUH &/ 9E
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7ReAlaE ol8ste] ek ENSOLLe] BAIE 18 shs At: o 3 E Sl
o}, o] 5E(1999)2 PDSI, <45, sHdf=F A5} 97§ ENSO 2|4=9k0] mAPhe:
BAstglch, B4 A3} PDSI & HF] 6% JE=NF ENSOO| of] AwEo] 7HES
ENSO ¥ A4t & oSl AL ol 2R gregod, euete] 7ia
2 Ayrert Fupe S0) 12978 6719 B et ©]5te] PDSIZE A& Eo] THg
Yol ENSO A|=ofl 13-197H4E A A= o] FAA o= [-o5HA Ueht= A 23
t}, of2] AJ4= & SOI, Nino 48} Ship Track 6 A|%¢] SST7} et=9] 73 714
AW 7N s Ao et PDSIO 4, sHfEke] FAwE S
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Figure 2-2  Locations of Ship Track 1, 6, Nino 1+2, 3, 4, and 3.4 (Source: Lee, 1999).

H3|E 9](2001)= Fa7r-H A4 (Effective Drought Index, EDI)2} Nino—3 A
o] SST ofteel S BT A Ale/2ue] 27k 2715k Batel ofalo}
o] of Ao A WAsh= 7hao] Ak F7FskAL A2 Al7] B 10 Fofl 7
o] ol EESHAT 1 olF 343 rtETh e WHT THEe] wy Aol
e} WS ol % Aol EAIH of F& Aurt FB v Barska ofa)
o ul= "@ohshs B3l e, 7heol s duk/iyuet AUEAE ZHAIA|

ENSO o]2]9] o2 4% deﬂr 7HREel BAE AT AT EAsk=T, 2714
2](2009)= 1974+ 087121 9] 351 & W 7Ha A== EDIE AFYsial
He| 3 FR%(North Pacific Oscillation, NPO)-2 NPI(North Pacific Index)E ©]
gato] £HT A T A% Aolo] & 2] WA} 9SS UL NPLE W3
o) o AHEN, 1T0°E) T ofale) Soreimape] g AG(25°N, 165°E) Afolo]
71 AHE Atetsto] ALK Zolug 5o BAl= w"sl F 2| oA 2] 5

7190] =2 E e 7S Aot e Ae Rt o]F3} 9](2003)= -
et B o] EiA Y5 (North Atlantic Oscillation, NAO) Z|E 1} FEf7}
FrARRE 500hPal] FefAQF itk HAFe} KO At A7} Qlal BT ASf SST of=tr
eloe Bo) AR ek Bom R ASH Bopere] t7] 2 ik sfelol
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12-299] NAO o|Abxete] £o] Alpao] 7hg & Ao® Uehgrt,

173(2004)2 et 58 sk AvkE B9 di7]1e8 Es AR 9
] 500 hPa %A o] i3t REOF(Rotated Empirical Orthogonal Function) 24
= FdseT, A HA RE= SOIQ 7% 39| A S Kol ENSO RER
Uehgton = ® = ACIRF e 5o AMAE Kol AO(Arctic
Oscillation) BmE& UeRth A HA el U] WA REl shle B3 7isakal 28
290 3 ge8S el A0 1984 ool qakrol &2 Al1dy) A
T Al A 2E7F 19854 o] Fofl= FEjEFoA Mgtk AlTIE i AvE U
HA B=7F o] w2 Z19 2 YEYT Guan and Yamagata(2003)+= 2|4
22 L3t Solalol z| o] HhIFE 1994 A2 MRS Hadahe 1 Y219 skt
£ I0D(Indian Ocean Dipole) = R k=], o] 54 3l 2Joll= 19613} Zo] A4
Q1 10D & “F<toll Fobrlof Aol ARt o534 7157F Ul Aashleh

2222 ETID h7 |25

=
o =
ok W3|5(1996)2 ol §He] 7

P %ﬂ\ﬂé 7Pa-°4 A= el gkl 6, 74
9 7haE BATEBE G A5 ot ZIwto] dteA] ek skl WAshe
A0R Akt HAskA] Koke e SAHBEEA AL av|do] @ A
= A 6Y WA 9 7Y e 52T FH 0| 7o) WdRTE £S AL STt
8Y9) 7k PR 9ol A WEEhs F%o] 7] & I7jte] o3t Ao,

SARTL OFIAIIL 71914 AAL] ol o] WA Ee] ZaxIn 7HE WA THsA

o] Z7Hieka Wokk, 1 o] obed) matHe] Hgo] AXEHAL, Pk Fue)
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o §IX5ke A9olE FHRol WARCh BT

A, AE4H2003) uEre] A 7he 5 7P A4 & 7ol diske]
1960 o] A 20019 o 7H=S 217l 7o =4 A5 2 HE PDSIE AHgste] &
stol t7] 23] AnTAS ToRAch elelet Bopalol Mele] FHEe
& FUBAE BYlon &8 E4L 53l Foror A H9 & TS St
59 notherlye]l &3t X F7]2) gtz AGE A BRleh 11 dS 7

), | #2Z 02 barotropicdt -2 5 Hol|il £HZFOZ
L ol Rt FRAIRE A7Idto] Seiuele} £5 dEa ZsiEn gRs 1
714 8ol Q= dipole F27F YR wlieo= Hk) o] grof 74 €]
(2003), #7]& £1(2003)= 22t =43 sHe o]-&ste =9 54 7ha= oIS
o 717} EDIE ©|-&5to] 7k g =&kl =41} sy
= ol&sto] AuAZE 2 AT A7IE =E8) Wieh A £1(2008) A
SAA WS olgste] WH=e] Yt = 7] dAlE 4=
g, RHHES] 7ha8 of 5ol AlAtste Aol e Adh 7Ha 18 A= = o
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B2 Am7} 2Aske A7) AR 2 7] RS dubem B e
= SR ATL(1998)
A AP 7S J)FEoZ 19008 o]To] HE 7|7HS 1927-19294
1937-19394, 1942-1944¢, 1967-1968¢, 1976—-19774, 1982-1983¢, 1988
1231 1994-1995 0 0= AT, o] F 1939, 1968, 1978, 19829 7Ha& &
2uret 4oy shie BOITHEYUA AL, 1998).
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25t 0a=2 2Akh o2 Ea 3o e FEES 19399 YEF &
7HE, 1967-1968'1 A, e 499 7R, 1973 7RE, 1976-1978
7, GE7r 490 7R 1981-19824 YE 5-99] MR, 1994-1995W FHE o]
' A9 7Hge® AAgskalekeltid] €], 2002). Fof At HAEAH2002)= ©]
®2o] 20014 H S-oo] FHES Zy)Elgint

AU, 2AE(2011) = Zf 7| AFTES A|2F3E 1907 o]#| B A2 BH 7pas
Fe ARG, B 225 mmel A0 B Aol 100 mm ofskel B
1910, 1917, 1950, 1965, 1978, 1984119] 63|12 AT}, o] % 1965419] BA 7
o] 38.8 mmof| 1F o 11 thE O 2 20019 w5 ZF4EFo] 46,9 mmo| ITHH
Aefl, LA, 2011). A0 A7F4o] -ollt= B ] 60% ©]3t%1 800 mm o]}
Q1 sll= 1939, 1943, 1949, 19881d°] Q3o o] - 1939d9] A ZF4=F°] 638 mm
2 714 Ao A, 25, 201,

A715 2](2011)+= AR (2009) 2] "2008-20094 7HE =571 AJTFE LA
O] 7w ARE v R 19719 o] ejuete] SAIR 7 szt AR A=
21977, 1978, 1980, 1982, 1988, 1994, 1997, 2000, 2001, 2006, 2008—2009{ S
2 AAstelet. =3 200104 20109 Atelo] AlgES RS AR =],
2003 AQleti= il ZeRFHoR Qs Aldg4rt -0 R HAsct
(F71% 9, 2011), 2000900l= 259 9] ZFsFo] 109 Ht9] 40% =2 HA=4]
o7 A B 7Moo HAISI (A7 E €], 2011; 7|4, 2000), 2001dol= 5-6
4 47), A, o5, A& A, 2006doll= 109 F, AEE, A A FofA,
2008 99-20099 29 A, A, Y Aol Thao] WASATHE T 9,

2011),

EF HEE 9(2013)= AAETH AGolA Ao mfE AT 23274
Aot §rra®s ol8ste] 4HEES Bl RDI(Real—time Drought
Index) ©]-82 A¢telGl=tl, RDI AH3& fl8f 54 wi7iisE =dsisltt. 54
S F8S flel ofe] Tk =7 R W HE 2R E o]g-sto] Agh
g AYE =&, 20009 oHoll= A=A o 2= 1988, 1997dHT} A
O 211982, 1992, 1993, 1994, 1995 0] 7H=o] WHAYEL 01 2000t 0] 39

fr & ol
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it

A2 0 2= 2001, 20084, QA0 2= 2002, 2004, 2005, 2006 W 0] 70| vk
ST Askch, el BASIAE HT sHEe] foluh wre 52 2wy

7He HE ZYURAE F9) ofie o) 4] AT

2.2.3.1 1994-19953 7t=

o oldalZol A& ARt 7hgol A=Ho2 MEJAT(EHEE 2|, 1995;
3

2.2.3.2 20014 7t=

1994-1995d 9] 7Ho] o] 271 2R 2R E A% Fak= 24 20019
39014 69 Fe7hx] el 10-30%0] B3t hr|7ke] Zgere] REow 4
7S AYTHARIR 9], 2004; o]RIA, 2001; O[5 9], 2002). 20011 EH 7
o 33 BR ygonny Sl o2l x|olo] o Hor Wt 4% 7]
Jak £9)E Hele] HA W JEo| A5 LAY FHo ATt Sefet BEe
A= v1gkEe] AlE oksl, e T ha dEo e 2.9 wrEsh AeEoke) oflr
W719ke] o A% 427] fle] AT T4 S0 Qs WAT Ao wel

tHelF2t <], 2000).

TS

o

a8y o] AI719] 7haAlEE PDSIY 7he A4S ol-85te] A E 1A 1968
W, 19774, 19829, 19884, 1994-1995W1 9] 7Hgx} w]|walo] Atz o g u|ju|st
d], o]= PDSIY] A7t AA| o] ek 9-12701Y AL 37|Ye] ARz o g |
Bt 20019 9] 7Hmo] & FHE R g2 Ao g EAETHolsE 2, 2002; °|FE,
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Z5H), 2001). SPIZ o]@slo] AlmE AL 2001d Q] 7HEo] 1900W%E 0|3 717

2 bEOR Uehdthel 58 9, 2002). 53] 471, AU, 38, A7EE 5 F5K
Hh A jekx o] 45k Zhgo] WAstATH eI, felA, 2014).

2.2.3.3 2008-2009H 7t=

o] Al7]ofli= 20084 o5} 7HE9] Artd F5o] AlAtE o] Y WEAR, A
e, AAHE 5 FEA 7ol AT, ol s g, 2009). HEF

< 200793} v sk 2008 H5E F-EFS 80% FolU T FEHS 25%
AER v Hon £ UYF4e 20% vt X733 AR 10% njte 2 U
ERTh(EHAgE o] A%, 2009).

O

2.2.3.4 20124 7t=

20129 9] 72 593 6€ol| 7Hg s AR It e RO R Q1%
A *l?‘%}"ﬂﬂfﬂ A, AA, 71, did, S A9 9ol 7 B3t
ArHe=E, F34, 2014). PDSIE 45130 o] JekAHo] S3t 7k, W o
% %Qol AT 7haE Hew, SPIO| A Mafiet A9, v 9 S0
o] ARt 7ha& UERITHIEE ], 2012). &2 7h=oll olo] Ant A1717F = =t
6Y 3k WEHTh 78t 0 528 wr|ete] ogko 7 HejmoF 17]oto] ol
THA] BSIA] Jtato] Aubrh A AlEstRon ] S4eR A FREC] 8

9 skl W 7k Welv] A kAl ZHRol ololArkARSA, 2012).

2.2.3.5 2013-20143 7}

a)

201320141 71l ti3hA 2 5o VS0 e A slashy
ol7] AL MEE B3| 718 TshE v 4 Ut 20134 olgoll o2 Aol
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Figure 2-3

(d) Yeongsan & Sumjin-River Basin

Scaled NDWI averaged for each river basin during March-October.
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Table 2-1 Classifications of Drought Impacts (adopted from Kim et al., 2013).
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Figure 3-1  Percentages of responses on whether one’s duties are affected by drought events.
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Figure 3-2  Frequencies of past experiences of drought impacts.
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Table 3-1 Statistics for each duty groups.

Group Responses Sum Mean Variance
Disaster 5 15 3 2
Drought, Heatwave 3 9 3 1
Wildfire 8 10 1.25 0.5
Urban Greening 9 12 1.333 0.25
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Table 3-2  ANOVA results for each duty group (95% significance level).
S f S f D f
ou.rcpt o | o e Mean Square F P-value F crit
Variation Squares Freedom
Treatment 15.86 3 5.287 7.163 0.0017141 3.072
Residual 15.5 21 0.738
Total 31.36 24
Table 3-3  Two-tail and one-tail t-test statistics (95% significance level).
Drought/H
Disaster vs. | _ Disaster vs. | Drought/Hea rought/Hea Wildfire vs.
. Disaster vs. twave vs.
Statistics | Drought/Hea : Urban twave vs. Urban
Wildfire ) L Urban .
twave Greeninng Wildfire ) Greening
Greening
t Stat 0.000 2.573 2.548 2.782 2.774 -0.277
P[Té:‘t] 0.500 0.025 0.026 0.034 0.055 0.393
one-tail
tortieal | o4 2015 2015 2.353 2920 1782
one-tail
P[Téz.t] 1.000 0.050 0.091 0.069 0.109 0.786
two-tail
t Critical
. 2.447 2.571 2.571 3.182 4.303 2179
two-tail
Table 3-4  Statistics for each duty groups (disaster group and drought/heatwave group were
merged).
Group Responses Sum Mean Variance
Disaster/Drought/Heatwave 8 24 3 1.429
Wildfire 8 10 1.25 0.5
Urban Greening 9 12 1.333 0.25
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Table 3-5  Two-sided and one-sided t-test statistics (95% significance level; disaster group and
drought/heatwave group were merged).

Disaster/Drought/Heat
- Disaster/Drought/Heat isaster/Drought/Hea Wildfire vs. Urban
Statistics . wave vs. Urban )
wave vs. Wildfire . Greening
Greening

t Stat 3.564 3.669 -0.277
P(T&—=t) one-tail 0.002 0.003 0.393
t Critical one-tail 1.796 1.833 1.782
P(T&—=t) two-tail 0.004 0.005 0.786
t Critical two-tail 2.201 2.262 2179
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g Aol 7134 e thE 718 Algsles 7he AEE ARSheAI o Hidt
Aol tafl 70%(197) &) SHAE 714 EBe thE 71N AlSthe 7he HE
= 238 < A2 Yepdth(Figure 3-3). Al 7he AEE AMESIAL A
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ARt w37} TS 2o] Pl SHT 15%(4%) F 50%2%)= 7 HEE B8
FaL Qo 7hg wjsfo] dish & HEZTAL SHRt 1%(27)= FA B8kl UA]
AR o2 Fgokal Arkal Hiirk(Figure 3-4).
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Figure 3-3  Percentages of responses on whether drought information is used for one’s duties.
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Figure 3-4  Percentages of responses on whether drought information is used for one’s duties,

for each response on the frequencies of past experiences of drought impacts.
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Table 3-6  Major impacts of drought for each duty group.
S g7 18 A 7= Tish
21 ORRIAIT HHAH|E =
MRS Lot Sane S o A e #4E U B
CAs SH & =X, =X, SY=2, 7=, 284 & =8kR JA
TEAXRR A ZEAY SA S EdE 57t
ey S0t
= CIfl2 Qler A L FARI? 7t
L2 AT A7| 712 LMol W2 A 2 Sxiel At
Table 3-7  Drought risk for each drought impact category and respondent.
ojst 7 MR 2= SEXA | SEAB SEAIC  SEHAD SEXE
Ersg 1ot A 20 4 1 8 12
LHES 25 4 1 8 -
SeEMY Tl =Y 25 4 1 12 -
s - 12 1 6 -
A - 9 1 4 -
U 25 9 4 4 12
SHIA s =/IE7 2 S 25 2 1 8 12
A T HIE 25 6 4 6 -
LI H 7P 12 4 1 6 -
=5 20 6 1 2 -
2 Tl RHER 25 4 1 3 -
3 25 6 4 6 -
o1& 20 12 4 6 -
T 25 4 1 4 -
PAVNES eSS 16 12 4 8 12
NSRS Zs s 25 6 1 8 -
a4 =2H 25 4 4 8 -
x SEHAAE M= HY, SEAB, E= BAE 88, SEAICE 7Is, &8, SEAIDE M, Mo HEY
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Table 3-8  Preferred drought monitoring information.
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Figure 3-5  Timing of drought preparedness.
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Figure 3-6  Percentages of responses on whether to use drought forecasting information.
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Table 3-9  Drought measures available for the 1-week forecast lead time.
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Table 3-10  Drought measures available for the T1-month forecast lead time.
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Table 3-11  Drought measures available for the 3-month forecast lead time.

=Y g5 CHA| gt
- TR 2l X
- OHR A 4
-1 o T 7Y 2
BR B o8 2T Y BSUS 8 A 75
_ o 2ASHH
NP = - - -
B N, R AR AN B S 84 29 g 42
Sei20t U 84 BN SIS Yot AlY 2 Z
- HLAN O HE: 1S XIS A 2 B
- | 2 ol w) = A
- B B Y89 B O 42
- o 9l Xl
- A Ol BS 28 A2 Wl Ohs 4
A - o= ATHAD | BT A2AY ohex| &
= _
- HEAN U HZ XIS AR IS ER 2 A 715
- TH| U Q= A 2| T3t 0l £
. R A2 2Tl B
.« TR 2 X/
- Jjol=alel 420l me Zigohs Hat m
- JE S50l ATl &%
- AN BB H
. - Bl 3% I A 7
EN -
s 42
_ :LA% J_Lfol-
- NK| 71 S0iAE K
« H Y R Z4 HH W 0= S, VIS A Nl ¥E A 4
. B8 ARIEG B8




60 | oM & F7jeiIEAtRS| 7|ASES S5t 7tS0l

it

Table 3-12  Drought measures available for the 6-month forecast lead time.

e e hA ot
+ OIA: 712 CHE| Ot IR 29 AjE] 48
- TH ORI 1S R AR 4
=
WHASE: | - B S AR B iR )
- moi=0F U 84 BIABH: SIS Sst Ale) 2 |
+ | W oI HIAL ChEl 4 T Y
- B9 E4 BE 9 IS T WAl B2
- T 2 XiR
- A2 AR AD| EE I MY ST E B
- Ak ol B Yat
. - FEAA 2 B ]
- Tl AR IS A ALY 75
- Ol ZiNEE 5 TR 47
- M| U o A2 R A TRUUR W 5) 2
- B A2 O 012 B8 sl
» O TFS B O T, 712 7IF T
e ¢ R 3L Rigk Asiet| JloIceiol o SRR A S| S $ESI0f Aol
ST
- B4 TR0 TISHHE H

Table 3-13  Drought measures available for the 1-year forecast lead time.
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Table 3-14  Demand for drought forecast information.
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HhH 9 Long—Range Forecast—Machine Learning, F-MLWH)-S H|ul EASHA
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Perfect Forecast—Machine Learning, PF—-ML¥)e} v skt
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525)7] 98] st ol =S 1R o9} HlmBITHOIS} Vegetation—Perfect

Forecast—Machine Learning, V-PF-ML%H).

4.1 X|Hol| gt 7tEXIT o=
41.1 71EX[40| MA

ERSEL % 7HEX)%2 = 6719 SPI(SPIG)S} SPEI(SPEIS) S Agalgic}, SPIe}

= gl A ZUAeRS o) galel Abgele Z1AkEH 7]
%Xl#%tﬂ, S RN ST R
HECERH 718 9 SRS Mg o] 25 AH8E 4 9rkMo and Lyon,,
2015), ¥ Ao A AT GOM wEle] o AsAZto] 1Yol A 67)holng Al
YAIZko] Aol AR )23 4= 9l & Aw0] 7|7ko] kAL u]F) 7]7ke] Zo]
A wpgEzre] Folsh Ax EEdtis Mold 2 o] Aelh Mo and
Lyon(2015) %= 1]=+2] NMME(North American MME)Z Lyon et al, (2012)2] HHH
2} ) Bs] S8 6710 AHES AFstoln:,

412 8s Gt 712

7heolEs 5 B 2l sl Ed EFe A9 FE R A (Accuracy
Assessment) &9l d5= H7I5HA ==, Oét&@l—i 8= (Total Accuracy),
AR} ASHE(User's Accuracy), AJAEA}F ASH=(Producer’'s Accuracy) & o83},
T A¥=e A AE ol Al 2] B E5E AE Y vE UEhdtHEq,
4-1), o]J® Class A°f A AR} A== 22 53] Class AR 55 AZ 5
eF 71 Fofl AAIZ Class Aol &3h= A& 9 vIE YEhlH(Eq. 4-2), AL %
L= AA Class Aof| &3t= ME ¢t 11 F 75 &9l Class AR 749 HE 9

HIE UEPHTHEq. 4-3). 2o ARE AlE 50 2WstH(Table 4-1), o] ¢

11 441144
Total Accuracy = 23+ +1514+ + +2=0.76 (Eq. 4-1)




it

LAY H FrloExtRe TIAEES ST 7=

User's Accuracy(SD) = %: 0.43 (Eq. 4-2)

Producer’s Accuracy(SD) = %: 0.6 (Eq. 4-3)

A ASEL ST SUAE 5 HA) Brolok sl HAFoIM WAT o
Z}o]| 3ld8l= Error of Commission¥} E5h= 7ijgo|n] AYAR} Aot = B2 5 o]
of st=t| EFEA GFotA HAYT 22t St Error of Omissiont A4-58h=
Neolth & A9 Z7HaallSell 9lof Tl ARt 7he o= dSetl=t 18 A A
7o) @A 92 A WASE vIE, ARt 7kl ofyEkal oSSl SAe
PHgol MR Aol MR IS vt FA7k WA =) B ol o}
2}A] Error of Omission®| Error of Commission®.tt T £ Q514 H7}E ofof 512
= 5 Euy A8 IR Hoks AN YREE AHgster

Ao 3l THER RS dEels A9 & Aowel /1R At Hist AT S
S AHEoton T ATE uiglom 7 ko] Ak Wyl tiajAls 7HE A
gt Hehenke: mestgic), 7HE ARl thgt Aehels 7 7hEaie] & Extreme
drought(ED), Severe drought(SD), Moderate drought(MD)2] Al 7}e]arz]of 3]
A AL AEE AS Agste] ofdlel 2ol AHgsHLh

CYE‘D + OSD + CM’D

(Eq. 4-4)
Ngp+ Nsp+ Nuyp

Accuracy =

°1 o), N2 AA|R 2} Safio] &8l AZ0] $20|1 Ck 1 % 11 FetAi )
R AE] soltk

3] 9] 7-9-olli= Mean Absolute Error(MAE) ¢k o|-8-5to] 7 9] 5= 3
7FelQiet. o] Aol Aol Haf 7ReAIeE dSshe A AAl ARl it
MAE g3} 7s ARl tidk MAES 97 A Egfon] O dig vigto s 1 gre)
A% A7t diside 7HE Aol tigh MARRHS: ejsiict, ERol Ajakat A3
= Ee A-gsto], A wlel WAg 75/dEi7t ED, SD, MD?l 7ol Estod

o5 5S BB,
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Table 4-1 An example of classification results.

Class types determined from reference data
# Samples ED SD | MD | NN | MW | SW | EW | Total
ED 2 1 3
SD 1 8 3 7
Class types MD 1 " 10 22
determined from the NN 2 54 1 57
classification MW 4 1 2 17
SW 2 4 b
EW 2 2
Total 3 5 16 68 14 6 2 114
MAE= %2' Y,— (Eq. 4-5)
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of 7t 2|4 %i\ of rﬂs}o% 2 xvm X}Eﬂ gieha st %% A7) 3k o]
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off thalf AHg 7?311’\2 3‘7}1‘?—7}0}# F-TRE Ft'“ﬂéoi x]@,oﬂ el AFgE
THAlE SRS S E o R RO F HES A6 WA
O 7 77 oJ&sk= Rl (Cressie, 1993) Radial Basis Function(RBF)& ©]-&
3}l tH(Broomhead and Lowe, 1988), ©] HPH-S Inverse Distance Weighted(IDW)
A o] Akm7E e A8 8EHs] AUk Exact Interpolator 2 IDWeR= T
B2 Fofdl A= gt HUgE Hlojue= ’SE U 4 len 287
(Kriging)of| |3l A/do] il Alito] W o] k. 7 AEr=e Aoz A}

€5]= Multiquadric g5 0|25} tHmultiquadric spline, Eq. 4-6).
¢(r)= V14 (er) (Eq. 4-6)
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d AlSE(Eq. 1-7) Al 1 Y9 w5 ARE o] gsiM A TRl e

SR 522 TPste] o] gske A Kokedl, U5 ARE olES A 7t T
Aeg Il ARSsAle oL 4 A dE= g4d riolu ATt

o AAES HEHA| ofF 22 Aeghs 57H2.22e-16) WHE2] HFEEE 7T
Alg A2 o|=E AlEdoldste] ¥ gholl st 31

M w7 9ish QA Ot ol A ALt
A50] o] o] S B2 AR e S P AR E T ol 712kl

e A= C—MLEPH-2 7| & 7ko| A Monte—Carlo Simulationg Z3j|4], F—ML%™H

< A71dE2d Ao A A ghE ARESHATHEq. 1-5 oA 1-7), &, o] wj ARE
She 7152k AW B3 A=) 7)) ohiet 914 ARol Z14Hg & PROPH
pETS] 715gte] et

Table 4-2  Statistics for lagged correlations between climate indices(MEl, AOI] and drought
indices(SPI6, SPEI6).

Climate Index | Drought Index | Lag (months) N:::;;Sd r p-value St;:fjrrd
MEI SPEI6 12 500 -0.08 0.066 0.057
MEI SPEI6 13 499 -0.08 0.082 0.057
MEI SPI6 12 500 -0.08 0.088 0.058
MEI SPI6 13 499 -0.07 0.096 0.058
AOI SPEI6 13 499 0.14 0.002 0.058
AOI SPEI6 12 500 0.10 0.025 0.058
AOI SPEI6 14 498 0.09 0.035 0.058
AQI SPEI6 2 507 -0.09 0.047 0.057
AOI SPI6 13 499 0.14 0.002 0.059
AOI SPI6 12 500 0.09 0.049 0.059
AOI SPI6 14 498 0.09 0.057 0.060

4.2.2.2 2RO O7HH

H Lo A= Decision Tree(DTHE), Random Forest(RFXE), Extremely

Randomized Trees(ET®) ] A] 712 7| A8Hs BE2e A1gsioder, 2tzte] %
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Figure 4-1  Classification accuracy of DT model for each MAX_DEPTH and lead time (based on
SPI6 forecast).
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Figure 4-2  Regression MAE of DT model for each lead time (based on SPEIé forecast).
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Figure 4-3  Classification accuracy of RF model for each NUM_TREES and lead time with fixed
fully developed trees (based on SPl6 forecast).
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Figure 4-4  Regression MAE of RF model for each NUM_TREES and lead time with fixed
MAX_DEPTH = 5 (based on SPEI6 forecast).
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Figure 4-5 Regression MAE of ET model for each NUM_TREES and lead time with fixed
MAX_DEPTH = 10 (based on SPI6 forecast).
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Figure 4-6  Importance ratio (normalized variable / raw variable] for each variable and lead time.
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Figure 4-7  Classification accuracy of DT model for each MAX_DEPTH and lead time (based on
NDW! forecast).
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Regression MAE of DT model for each MAX_DEPTH and lead time (based on NDWI
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Figure 4-9  Regression MAE of RF model for each NUM_TREES and lead time with fully developed
trees (based on NDWI forecast).
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Figure 4-10 Regression MAE of ET model for each MAX_DEPTH and lead time with fully developed
trees (based on NDWI forecast).
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Figure 5-1  Classification accuracy of C and F methods based on (a) all events for SPI¢, (b) all
events for SPEI6, (c) drought events only for SPI6, and (b) drought events only for SPEI6.
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Figure 5-2  Regression MAE of C and F methods based on (a) all events for SPI6, (b) all events

for SPEI6, (c) drought events only for SPI4, and (b) drought events only for SPEI6.

Table 5-1
and MD.

Model performance measures for gauges considering only drought events of ED, SD,
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0.86
1.00
1.26
1.62
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RF, ETRE) S 283t 50| ja] ujmateieh, 71 AsHeS o83t A% 5 ko &
5 ASES BQ) mYo| Avks WS 0|87 H9uTh BE HaAZlo)A djzk
0.14-0,22 A% % THTable 5-2), 55 7]53ke o] &3 %

2 o3t B9urt $5stgon ARHOR c-MLEHe] 4

(Figure 5—3, Table 5—2).

ZIASEE o] szt AE YEbd=tl, C-MLEHolA SPI6 o|52] -7 i
29 HYPAAE BTRHo| $2sh o] 6748 AP DTmdo] & &
7 A2ES UEth(Figure 5-3a, Table 5-2). SPEI6 |52 74-f-oll= 27
mdlo] 71 £2 A3E HtH(Figure 5-3b, Table 5-2).

f
=
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522 3| Hds

HIHS o8 S BRok vEIIR J1 S ol ool Py
[©)

o 22 025 Ko, 7|ASES o] &3t H9rt HIPHE o] 83t Kt =
3t Ao UErtHFigure 5-4, Table 5-2). & 7FaX|4 o529 A9 diis

[€)
C-MUH(RFELE) O] 5ol 7MY =33tk (Figure 5-4, Table 5-2).
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Figure 5-3  Classification accuracy based on C-I and F-I methods, C-ML and F-ML methods using
the DT, RF, and ET models respectively for (a] SPI6 and (b) SPEI6.
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Figure 5-4  Regression MAE based on C-l and F-I methods, C-ML and F-ML methods using the
DT, RF, and ET models respectively for (a) SPI6 and (b) SPEI6.

Table 5-2  Model performance measures for ungauged locations.

Accuracy
LT Cal El C-ML | C-ML | C-ML F-ML F-ML F-ML
(DT) (RF) (ET) (DT) (RF) (ET)
1 0.25 0.23 0.29 0.28 0.28 0.25 0.43
2 0.20 0.16 0.25 0.21 0.23 0.17 0.30
SFls 3 0.18 0.12 0.23 0.18 0.23 0.14 0.26
4 0.15 0.07 0.23 0.17 0.22 0.16 0.28




Accuracy

LT Cal El C-ML | C-ML C-ML F-ML F-ML F-ML

(DT) (RF) (ET) (DT) (RF) (ET)

5 0.10 0.01 0.23 0.14 0.25 0.21 0.09 0.19

b 0.01 0.00 0.21 0.10 om 0.20 0.08 0.09

1 0.29 0.25 0.27 0.31 0.52 0.24 0.26 0.44

2 0.23 0.17 0.24 0.29 0.53 0.20 0.21 0.39

SPE 3 0.18 0.12 0.21 0.23 0.47 0.16 0.18 0.33
4 0.14 0.08 0.17 0.22 0.44 0.13 0.16 0.29

5 0.10 0.01 0.13 0.17 0.48 0.04 0.10 0.25

b 0.01 0.00 0.12 oM 0.35 0.07 0.09 0.20

MAE

LT ol El C-ML | C-ML C-ML F-ML F-ML F-ML

(DT) (RF) (ET) (DT) (RF) (ET)

1 0.61 0.67 0.51 0.47 0.49 0.52 0.51 0.49

2 0.69 0.84 0.55 0.50 0.54 0.58 0.57 0.52

3 0.77 1.00 0.56 0.52 0.55 0.58 0.58 0.56

oFie 4 0.82 1.1 0.57 0.54 0.57 0.59 0.59 0.58
5 0.93 1.33 0.63 0.57 0.61 0.74 0.65 0.62

b 1.16 1.67 0.59 0.60 0.66 0.60 0.65 0.60

1 0.60 0.66 0.43 0.41 0.42 0.45 0.44 0.45

2 0.69 0.82 0.48 0.44 0.46 0.52 0.50 0.48

3 0.77 0.97 0.50 0.47 0.49 0.53 0.53 0.51

SFPEle 4 0.81 1.07 0.52 0.48 0.51 0.55 0.55 0.52
5 0.92 1.29 0.54 0.51 0.54 0.61 0.60 0.57

b 1.14 1.62 0.60 0.56 0.60 0.64 0.64 0.62
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7153 olT BB IEHOE WO WA A0S ASelHE TREelE
Aol olut o3]e] Relth, SN 7lolEe] Aol FYEE /MBS Ea

FEE Ao|ER ol Aol 75 o183 VA EY 22 AdeS 2 Alolth

ox
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A= A0= Yepylth(Figures 5-5a, b). &, 47|52 oF o] hs) kil

Ao et &5 A== 7} 0.4 o]sto]] MFEth= ou|oltt.,

] Ase 7140 - R kot PR-TH 0] g5 C-THE

of 9ot R ol o] STRITHE A7]9S5E S8l A0 7hedlS A

ol ¥ o & UZE & & Urk VAR REHE o]83 PP-MLYHS

0.39-0.56°] o|2% gL =2 At =S ¥ 9=y SPI6Q} SPEI6 o=2] A$ mF
ETE o] 7P 93 A58 R elth(Figure 5-5).

ok
ox,

39 AS- PR-TH O 2217} st o0 2 Qls) 0,470,583 522 71
woplon o= 7|EAdl C-IgRldt vastdS il vl 23U, ZASES ol
ok PF-MLYH Q] 9= olHrt o W2 0.35-0.429] 22} 2% HFov 53]
RFZEZ} BT O] A5o] 7P Uth(Figure 5-6).
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Figure 5-5 Classification accuracy based on perfect forecast for (a) SPI6 and (b) SPEI6 and the

improvable ranges obtained as the difference between F-I and PF-I or between F-ML and PF-ML

for (c) SPI6 and (d) SPEIé.

0.55 0.55
0.50 /—// 0.50
0.45 —PF 0.45 —pEl
E PF-ML(D : PF-ML(D
= 0.0 ——~ ——FFE-MLDT) Z 040 ——PF-ML(DT)
——PF-ML(RF) —— PF-ML(RF)
0.35 ——PF-ML(ET) 0.35 —— PF-ML(ET)
030 ‘ . . ‘ ‘ 0.30 ‘ . .
1 2 3 4 5 6 3 4 5 6
Lead Time [month) Lead Time (month)
(a) (b)
1.20 1.40
1.00 1.20
0.80 .00
o o 0.80
£ 0.60 —FR-l ® —R-l
& £ 0.60
0.40 ——R-ML(DT) ——R-ML(DT)
——R-ML(RF) 040 ——R-ML(RF)
020 ﬁﬁ e 020 / —RML(ED
0.00 - . : . : : 0.00 - : ‘ ‘ . :
1 2 3 4 5 6 3 4 5 6
Lead Time (month) Lead Time (month)
(c) (d)
Figure 5-6  Regression MAE based on perfect forecast for (a) SPI6 and (b) SPEI6 and the

improvable ranges obtained as the difference between F-I and PF-I or between F-ML and PF-ML
for (c) SPI6 and (d) SPEI6.
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Figure 5-7  Relative importance of input variables for SPEI6 forecast (regression] using (a) DT
model, and (b) EF model.
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SPI6%} SPEI6S| &7l Eﬂéﬂ/\i—t— McKee et al. (1993)0]l4 A|¢Iet &7 7<=
Iz ARSI oW NDWIS] 257 7|52 thE Wt g FEj2 AlAE 2o
= {E(e.g., Rhee et al., 2010) 7RgA|5=¢} A5t AHE viE 3H7] ot} wt
2t 2 Aol of7]A AREel 95967]9] NDWI A[Re|] A4 o Ezgh
(Empirical Cumulative Distribution Function, ECDF), SPI6 ¥ SPEI6%] &% 7]
Fo| ol FAELO| Y= Inverse ECDFE E=&35l0] 7|&202 ARSI
(Figure 5—8, Table 5-3).
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Figure 5-8 Empirical Cumulative Distribution Function of NDWI used in this study.



Table 5-3  Classification categories of NDWI (unitless).

Classification Index Value
Extremely wet(EW) > 0.1173
Very wet(VW) 0.0673 to 0.1172
Moderately wet(MW) 0.0434 to 0.0672
Near Normal(NN] -0.0952 to 0.0432
Moderate drought(MD) -0.1137 to -0.0953
Severe drought(SD) -0.1283 to -0.1138
Extreme drought(ED) < -0.1284
HHEA G o Za TR R BEAS A TEste] BERe Saet ASut 8
A THT T ERE SUE A 4R B2 o ER0n of 350l 4
RS 2451 NDWI of|=9] 749 V-C-MLEMH S| 57 A7} 0,.50-0,530.2
-9 =8=d, o= 7]-‘5;11—’1‘— A5e] BF Tt 5SS 7P B 7P w2 A
5= ¢l SPEI6 5 LHETED) O] Hst FARE groltH(Table
5-4),

zm3 7 oA Aol A 0] THEAIS o50] A9 MaAjzto] AL B Het

= Hu
E7F AL aste] e Ao AAIREe] 67, P e Ae= S7dol=
&0l A §lo] =T} 0o o]2F A (Figure 5-1), HASAH2] 7HaAl4
= el 7ol 0.16-0.21 Eo2 As] Aashl = (Figure

5-3), NDWI of|52] 73 AaiAl7hol| meh 57 AS=7F 7R H o] A o2 v
2 I s Hrk= Ho|tkFigure 5-9).
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Figure 5-9  (a) Classification accuracy and (b] normalized regression MAE for NDWI based on
V-C-ML and V-F-ML methods using DT, RF, and ET models.
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kS EsllEdl, A ZHeAlS dlSS fIt ORI PR ] A9 AR oA 9]
3] A5 A MAEZ} 0.36—-0.47 AEQ] ZrolA Ax} Z71310] 1.14-1.67 AL
o|2&|tH(Figure 5-2), L&t} NDWI of|SolA= A3PA|7te] gt eals7e] Zo]
aokr] 3R] AQrthFigure 5-10). ASPAIZF 1-571€9] AL 7|57 o|&3sth
V-C-MLY¥ o] A7|d|& 225 0]83t V-F-MLHETE @27} g Weront A
YA 7 6719 2] ALol= Ao e 7S HthHFigure 5-9, Table 5—4).

7FaAleE 3l 7haoll tidt JEE d=o] NDWIE &38f 7ha Tl sfiof dieh Hx

2 Q2 4 UES BT, B5O) FHEE AL AGE PUFo] 2 Hol
© QoA AR 138 A9 V-O-MLET R o] 4 Aate 4,
672}

V-F-MLYH(ETE) o] 7P 25t Ath(Table 5-4). AIYAIZE 5714
A A5 o] 7 Hdo] &2 455 HthTable 5-4). 372 4% ARt 1-5
MEe] AL v-C-MLEH[RFEE 9 ETRY), 671L€9] H$ V-C-MLYH(RFE
Dp V-F-MLER(ETE ) o] 71 A3kt lth(Table 5-4).

G
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Table 5-4  Model performance measures for ungauged locations based on NDWI.

Accuracy
LT V-C-ML(DT) | V-C-ML(RF) | V-C-MLIET) | V-F-MLIDT) | V-F-ML(RF) | V-F-ML(ET)
1 0.45 0.49 0.53 0.44 0.45 0.50
2 0.37 0.41 0.53 0.31 0.35 0.50
3 0.33 0.40 0.52 0.27 0.34 0.51
4 0.49 0.49 0.52 0.47 0.44 0.53
5 0.49 0.49 0.51 0.47 0.46 0.51
6 0.44 0.46 0.52 0.44 0.46 0.53
MAE
LT V-C-ML(DT) | V-C-MLIRF) | V-C-MLIET) | V-F-MLIDT) | V-F-ML(RF) | V-F-ML(ET)
1 0.012 0.011 0.010 0.013 0.011 0.011
2 0.014 0.013 0.013 0.016 0.015 0.015
3 0.016 0.013 0.013 0.017 0.016 0.015
4 0.016 0.013 0.013 0.016 0.015 0.014
5 0.015 0.014 0.014 0.015 0.015 0.016
6 0.016 0.014 0.014 0.016 0.015 0.014
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Normalized MAE

LT V-C-ML(DT) | V-C-MLIRF) | V-C-MLIET) | V-F-MLIDT) | V-F-ML(RF) | V-F-ML(ET)
1 0.48 0.45 0.45 0.48 0.46 0.46
2 0.51 0.48 0.48 0.53 0.51 0.51
3 0.53 0.49 0.49 0.55 0.53 0.52
4 0.52 0.49 0.49 0.53 0.51 0.50
5 0.51 0.50 0.50 0.52 0.52 0.52
6 0.52 0.50 0.51 0.52 0.51 0.50

7|AeE B2 st O S ARE 0|85t —TL——%—EJ 312‘% NDWI <]
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sheo} G4 7Hse Wl (Figure 5-10), 781 B934 MAES} 34 715
N5 AABFATH(Figure 5-11),
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Figure 5-10 Classification accuracy based on (a) perfect forecast V-PF-ML for NDWI, and (b} the
improvable ranges obtained as the difference between V-F-ML and V-PF-ML.
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Figure 5-11 Normalized regression MAE based on (a) perfect forecast V-PF-ML for NDWI, and (b}
the improvable ranges obtained as the difference between V-F-ML and V-PF-ML.
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7} =A Yebdth(Figure 5-12),
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Figure 5-12 Relative importance of input variables for NDWI forecast (regression) based on V-F-ML
method using (a) DT model, and (b) ET model.
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