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PREFACE

It is our pleasure to present this report on the APEC Climate Center (APCC)’s

research activities in 2013, which has been a very productive year for our Center.

APCC has expanded its research scope, in response to regional societal and
scientific needs. While building expertise in climate prediction remains a priority,
we are extending our reach to include policy-relevant climate applications and

value-added climate information products.

APCC has accelerated efforts to better our service to the region. As one of
the main services provided by APCC, the MME 3-month prediction information
has been productively applied by scientists in developing countries that are unable
to produce their own prediction information. Furthermore, in order to better
prepare for climaterelated hazards in a timely manner, APCC launched its 6-month
MME prediction service in September 2013. We also began to release forecasts
of the Boreal Summer Intraseasonal Oscillation (BSISO), starting from July 2013,
as the world’s first operational BSISO forecast service. Our researchers also achieved
great success in publishing their papers in noted academic journals. Dr. Ok-Yeon
Kim, for example, published a paper in Climate Dynamics and her research was
later selected as one of the Research Highlights by another distinguished journal,
Nature Climate Change. The following research report provides more information

about our research outcomes from 2013.

We will continue to promote the best use of our research outcomes in various
scientific and application areas. Our successes and achievements would not have
been possible without the support of our valued partners. In this regard, I extend

my thanks to you and I hope you enjoy this 2013 Research Report.

Chin-Seung Chung
Director, APEC Climate Center
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ABSTRACT

Hydrological drought occurs when the amount of surface and subsurface water fails to meet

water demand. Recently, the coping capacity for drought has dramatically increased since the
improvement of water management facilities, such as dams, reservoirs, ground-water wells, and
irrigation systems. Severe and extreme drought still occurs, however, disabling human efforts
to overcome its harmful effects. In order to minimize the adverse impacts of drought, drought
early warning systems that produce appropriate and timely drought information and deliver it
to decision-makers are required to respond to unfavorable drought conditions. The amount of
available water in the regions suffering from insufficient water supply should be assessed and
monitored regularly, based on hydrological variables such as runoff, reservoir level, and streamflow.
There is a lack of observation data for these variables in the upstream regions of watershed
basins and/or in developing counties.

Remote sensing can provide a cost-efficient way of deriving drought information for regions
with a lack of observation data for meteorological and hydrological variables. Drought information
may be obtained more easily from meteorological data based on water balance rather than
hydrological data, which is difficult to estimate. In this study, a method to assess and monitor
hydrological drought using remotely sensed precipitation and evapotranspiration estimates was
investigated for use in regions with limited observation data. Air temperature data at the 2-m
level was estimated using remotely sensed data, then evapotranspiration was estimated from
the air temperature, and the correlations between precipitation minus evapotranspiration (P-PET)
and streamflow percentiles were examined.

Land Surface Temperature data with a Tkmx1km spatial resolution as well as Atmospheric
Profile data with a 5kmx5km spatial resolution from MODIS (Moderate Resolution Imaging
Spectroradiometer) sensor on board the Agua satellite were used to estimate the monthly maximum
and minimum air temperature in South Korea. The estimated 2-m air temperature data, that
can be used either corrected, using the CRU (Climate Research Unit) TS3.20 gridded dataset,
or uncorrected, showed comparable or smaller MAE or RMSE values (MAE=1.18-1.89°C,
RMSE=1.42-2.36°C), compared to existing studies. Evapotranspiration was estimated from the
maximum and minimum air temperature using the Hargreaves method and the estimates were
compared to MOD16 data from the University of Montana, based on the Penman-Monteith method,
showing smaller coefficient of determination values but smaller MAE and RMSE
(MAE=6.44-25.66mm/month, RMSE=7.54-29.10mm/month).

Precipitation was obtained from Tropical Rainfall Measuring Mission (TRMM] monthly rainfall
data, and the correlations of 1-, 3-, 6-, and 12-month P-PET percentiles with streamflow percentiles
were analyzed for the Mankyung-gang watershed basin, Dongjin-gang watershed basin, and Upper
Namhan-gang watershed basin in South Korea. The Upper Manhan-gang watershed basin was
the most affected region from the 2008 ~2009 drought, and the Mankyung-gang and Dongjin-gang
watershed basins experienced serious drought during the 2012 spring drought.
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The 1-month P-PET percentile during JJA in Dongjin-gang watershed basin (Pearson’s r=0.87,
p-value < .0001; Kendall's tau=0.65, p-value=0.0004) and 1-month P-PET percentile during JJA
(Pearson’s r=0.89, p-value < .0001; Kendall's tau=0.71, p-value < .0001) and SON (Pearson’s r=0.63,
p-value < .0001; Kendall's tau=0.47, p-value=0.0006) in the Upper Namhan-gang watershed basin
are highly correlated with the streamflow percentile with a 95% confidence level. Since the effect
of precipitation in these two basins is especially high, the correlation between the evapotranspiration
percentile and streamflow percentile is positive (Pearson’s r=0.51, p-value=0.006; Kendall's
tau=0.38, p-value=0.005).

In the Mankyung-gang watershed basin, the 3-month P-PET percentile during MMA (Pearson’s
r=0.67, p-value=0.05; Kendall's tau=0.39, p-value=0.14] and SON (Pearson’s r=0.69, p-value=0.02;
Kendall's tau=0.49, p-value=0.04), as well as JJA (Pearson’s r=0.7, p-value=0.03; Kendall's tau=0.51,
p-value=0.04) are highly correlated with the streamflow percentile with a 95% confidence level.
The correlation of the 1-month P-PET percentile with streamflow percentile is also quite high
(Pearson’s r=0.88, p-value < .0001; Kendall's tau=0.69, p-value < .0001) during JJA.

Remotely sensed air temperature and evapotranspiration estimates produced relatively small
MAE and RMSE values compared to existing studies, and the 3-month P-PET percentile in the
Mankyung-gang watershed basin and 1-month P-PET percentile in the Upper Namhan-gang
watershed basin showed good correlations with streamflow percentile, not only in summer (JJA)
with much precipitation, but also in autumn (SON) which is a more important period for drought
assessment and monitoring. These results indicate that remotely sensed P-PET estimates can
be used for the assessment and monitoring of hydrological drought. There exists a limitation
as far as the coarse spatial resolution of precipitation estimates, which can be resolved by the
downscaling of satellite precipitation data. Furthermore, soil moisture stress and vegetation
phenology should be considered in the estimation of evapotranspiration if the methodology is
applied to other regions.

Remote sensing can be used effectively to estimate air temperature and evapotranspiration
for regions with limited observation data. The methodology can be applied to the regions that
lack meteorological and hydrological data for cost-efficient assessment and monitoring of
hydrological drought. The estimates may be used in the decision-making process to minimize
the adverse impacts of hydrological drought. The provision of spatially distributed data with high
spatial resolution enables the assessment of drought conditions for each region and the
establishment of differentiated measures to cope with drought in developing counties.

The production of remotely sensed estimates of meteorological and hydrological variables, as
well as derived drought information that is in need in developing counties is an opportunity for
international cooperation. The use of these estimates for upstream basins without observation
data suggests a cost-effective and timely method for the assessment and monitoring of hydrological
drought.
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Figure 1  Study area: (a) Locations of 60 ASOS weather stations, (b) Upper Namhan-gang basin with Yeongwol

water-level gauge, and (c] Mankyung-gang and Dongjin-gang basins with Hari and Sintaein water-level gauges,
respectively.
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Difference Vegetation Index) 59] 2R X4 (vegetation index)Ut 1Lk (elevation), Ef
oF A7 (solar zenith angle) 52 HM4E 0]8519 01 e.g., Vancutsem et al, 2010,

Lin et al, 2012) ¥ AAolAL 7|EHoa 2ro] 442 A A4aTke o4k},

u]=+ NASA(National Aeronautics and Space Administration)2] Aqua Aol &4}
=l MODIS(Moderate Resolution Imaging Spectroradiometer) AAZEE AYARE
Level -3 3= A=<l 1km>1km 37F s E, 899 ARt s =5 714l A #H 2=
A}&Z(Land Surface Temperature & Emissivity, MYD11A2; ©]& uj-&ojA LST)L}
SkmX5km F7F S, 520 ARt =S 71 Level-2 3 A=< tf7] A4
2% z}Z(Atmospheric Profile, MYDO7 L2; o]& W-&ofA AP)E o] &3}t ol& A}

= o] NASAQ] EOSDIS(Earth Observing System Data and Information System,

http://reverb echo.nasa. gov)ol|A EE3}c)

Aqua 9V AR 20021 THRE EAfsh, AEH 2 Akme 5 2 oRE 25
Eskskal 9lom 7] AR AE= 207 A|9] A= (geopotential height)o]] et 2= U 4R
RS xekslar Qo 7] A7) &% W 4B X}m= TOVS(Television Infrared Observing
Satellite Vertical Sounder) A}22}2] ITPP(International TOVS Processing Package) S
o] g5t 3l dag|Eo 2R E AYAEICHBorbas et al, 2011, Mendez Jocik 2004).
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735 eF A= u)=t NASAQF U= JAXA(Japan Aerospace Exploration Agency) 9]
O3] F5o = 7ldte] TRMM(Tropical Rainfall Measuring Mission)9] €8 734=5F A=
0] 3B43 A=(HA 71)E o]-83s19itt A== u|= GES DISC(Goddard Earth Sciences
Data and Information Service Center)ol|A] ZE3}5Ict TRMM 3B43 Al&E= 34|17 )
745=F A}E 2l TRMM 3B42 A=Q} v]= NOAA(National Oceanic and Atmospheric
Administration) 2] 7] of|=AlE](Climate Prediction Center)oj|A A4t CAMS(Climate
Anomaly Monitoring System) A+ ZAA} 7}¢ A&, GPCC(Global Precipitation
Climatology Center)] AL 79 T2 222 A%s} 2102 50°S~50°N, 180°W~180°F
of 7joo] da) 0,25°<0,25° T4k SIS s AT
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7] 2EF olgste] 3t Sk} Hlawshy] Qfsf vl= eyt st
(University of Montana)oll4] AJAksE At SHMARF Zp=(0]5 U84 MODI6,
http://www.ntsg, umt. edu/project/mod16) & 53Tt o] A== ¥F HAF 4 =}
E 2 Penman—Monteith 52 0]-85}0] YA, 1kmX1km9] 37t sfAt=e} 8¢, ¥
H, A AZE SR 20009 ~20100f ol AA] 9 A SRS AleRi.
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£ Xz

2221 A7t HY 2 Xtz
AP AHRE FA40) Qlo] Aqua $14d¢] 5 AlZH(overpass time) Tt A |11 H 2|F]
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2222 R X2

=27} $AETEE] FFEAR A|AE|(Water Management Information System,
WAMIS) 0 2.56] -9j82540] 95 A28 WSS, 17709] HERL Ao 9
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Zukalero] =S 93| 607] ASOS oA = 2EE 0]83}9] Penman—
Monteith o & ALRE FHAE AR (Kim, 2012)5 ARE-SHIH:




Table 1 Small watershed basins in the study area.
Medium watershed basin (S&<) Small watershed basin (E&=R< F5)
g5 100101
YSHolt= 100102
UAH 100103
SXTEF 100104
I 100105
& 100106
2N 100107
QUHNF 100108
oty &F 1001 QUMeEIF 100109
TR 100110
0I5 100111
i 100112
PNrSeS e 100113
PNFSENe o 100114
e 100115
Al 100116
R 100117
CHOFE 330101
4T 330102
a2 3301 CHotlsHSE 330103
ESA 330104
RN 330105
STE= 330201
ste s DIERRI 2| 330202
223 HX Xt=

H JkEQl #2 "AL

EA| vl gl o] G AHET] 9J8f Terra /33 Aqua 9142} MODIS AllA
AEE A7t 500m>500m F7t g2} 20109 EA|ulE A= (MCDI12QL)E °-8-5H3
o o] AR 457 BA v&E EFE AFskedl, o] F EA vEe 1R e

IGBP(International Geosphere—Biosphere Programme) 575 ©]-83}9it}
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A AR 2 E vt X2 2 A (United States Geological Survey, USGS)ol|lA] 7jgt
3t =2 1= §(Digital Elevation Model)?l 2F 1kmX1km 57} A =2 GTOPO30 A}
£ 5= afof olgarnt

Tt 7hES A B A5 o] B aE USAIA] Eoke dHE
49 o 2U=tl(Mishra and Singh 2010), =& 4= Wl F59, A4, 74 5=
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T ey 75 THE H7HE QS djiEz el x4 SWSI(Surface Water Supply
Index; Shafer and Dezman 1982, Dezman et al, 1982)2 7}FA, A4=, 95 42
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Q
Eoto] B7FE 4= QA Hok
ZHle(evaporation) ¥} ZAF(transpiration) 2 32l ZHE e evapotranspiration)
% o] Bastug Adjdom ol 7|7t BEE o] & RS o, 7ReAIY]
OP/}J SPI(Standardized Precipitation Index)S AAlSto] =&35t4] 7128 Hrlsh=
7t ok 2A8 $cHe.g., Sonmez et al, 2005, Shahid and Behrawan 2008), “1&]
‘/} o] Z% FbEe] Wbt st Tl vl PR JsHA H whebA

SPEI(Standardized Precipitation Evapotranspiration Index; Vicente—Serrano et al,
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2010), RDI(Reconnaissance Drought Index; Tsakiris et al. 2007), HI(Hydroclimatic
Index; Ellis et al, 2009) 5 “dg SAES Aol 123t 7hg AlE0] 7=
t}. Vicente—Serrano et al, (2012)= SPEIE o]-&3}o] Aeehd, =&, 4EskAe] 7}
22 Bletol SPEIZF SPIo] Hlsto] o} 7HES o 2 Uehe 2e it
1 QoA T gho] EARHA P Aol] Bl hE Bt PAE B
2 ShoE U7 B Bl A4 SRS FAst0] SRS MRS Bk
3t} Vicente—Serrano et al, (2012)= CRU(Climate Research Unit) X}25 AF8-3}
of Zto] thefl £A4E st oH, & dAtollxls A 28] Tha Hrke] B8 4
=S 57 owE b A ARE T2 olgel] ok €7 B a2
31 AT O] ZHEALERS. Z=AElT)

U7 WS FA 9L 5 ol 18R AR 7M0] A gous HHE 5L
Wz SR SPEI 59 Ak A Rgtom, 24T W FUAFS wEos

(percentile) 2 Waksto] Gebo] WEolol ATHYS BASAT Gt 7k A1)
AHMAS BASE 71E 99LE Vicente—Serrano et al (2012)= SSI(Standardized
Streamflow Index)2} SPI, SPEI, PDSI(Palmer Drought Severity Index)2te] Ate]oj|
Z¥Z+0)] W4t Pearson AAIG r = 0.57, 0.58, 0,452 Aich

SR 7)1 S50l A ZHRARES AR ZHPAER(Actual evapotranspiration, AET)T} 2F
A Z¥AEK(Potential evapotranspiration, PET) 0.2 FESL6] W3St 4= Ql=g| AET
T IR AR dojus SHMEEFo|H PETE S53t 20| g9 rhd doj
[e))] =]
AN

e

o5 2] AT ARTE 74Tt Gl PAAS Algslo] 24l v
(Hare 1980), 212t APAI3E 2] %591 S oﬂxﬂ% Bof ro] RS o|gale] Bof
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AR Sat o Ao] <l AR el 7o) w4
& = 7}112% ko] ¢ (feedback) Rt ZHPANF 2717} EOF
T JaeE 7 eE 9 HH Yol ¥ kA YehdthSeneviratne et al, 2010), W}

= = T u
A Sl B 20| 9= IA WA e PETV} AETOl| 7MitheE 7He

stk &, & el Aug o oo s des A BA) 83 44 e
o) s

o= BBt it AEHAS WYshe A &5t AETE F45HoF Tth(Seney

A SIS F48ke Aole o= 7AI7F et o] F disEA” Zlo] 4l

—,—XH'5L 73¢ Hargreaves W% Q(Hargreaves 1985)2 ARS8 Eﬂ’é‘}_ﬂ S{,IE]- o] dlo]|
T 5 54, oyA] FAE 7RISR sk of 7] W o] 51]10}‘11 AeHo2 P 2=E
ARE3F Thornthwaite HHHE Wo] AM-EtHThornthwaite and Mather 1957).

Z}Zko] PET 54 Wiiof wet A3 gho] Y2 Bg PET 374 B o] A4S =53}
A 7ha B7tol| thieh B e] g ¢ ?lO] %}, Kingston et al, (2009)+= 7] &H3} 3}o])
A PET $%0] 7IA]= B340 tigt 92 $=3)519+=1)|, ol2] GCM(Global Climate

3}
Model) T} o341 7§2] PET %—Xg Hpo 5@6‘} B35 A3} PET 4 2 e] A74o]
=]

i’w

o)gl] 21 Aol gk Q3 EsAIA o] flolo] Hrls ARS w39}
A 27 = Penman—Monteith o] 71 sk E2)4 7|6k 712 v o 2 o
ZA Qg o= Wl oY HAEE FQ R FHR o590 =X o] E ohE EIAAS
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1o
2

e
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U x| &xE AFESH= Hargreaves W 50| $-83514 ARgE 4= 9l
Hargreaves HHS 2|11 259} X7 252 ARRSHO 2] &5 ko] o3t FukE vkl
S HKingston et al, 2009, Allen et al, 1998), & HALo] A+ Fil 28} A 25
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233 07| 2z9| =X

Hargreaves 'Ji& ©-§3t] PETE #4352 il 9 2A tf7] =& dolof
3t} Aol tial 7183k A1 2 A 7] LE 2= NCEP/NCAR(National Center
for Environmental Prediction/National Center for Atmospheric Research), CRU A}
= 5o] 9o ¥4 gAl 7|HEo 2= Aqua Aol ©A1El AIRS(Atmospheric Infrared
Sounder) At= Fo| EAg}, I8u o|E AR A 37t s =Tt 22 2,5°%2 5°,
0.5°X0,5°, 1°X1°Z(Level3 At&2| 7-) Ao do} X fuo] SR 374
9 555hd 7he Bl 88517 of T

EE‘H%E 7] =5 345 sl AEH 2= olejo] AX A, ' A

Al 5o ofF] F7HAQl W }/\}ﬂﬂ%tﬂ oubR o g 2] el o7t AT Lwu)
OF% v & dEEs A0R I glout il 2ro] Aol 1E, T T
THE o]g] BiZ=0] GJFFS wo] who mg 271 A FH Lruko 2l 4| o238 2= gt

(Vancutsem et al, 2010).

ofg] MpE ANl tf7] =5 3% 7|E A9 AvE AHEH, Lin et
al.(2012) i1%= ApmWRS o]-g8to] ofzelzl Aol disf il 8l XA 7] 2=F
MAE(Mean Absolute Error) = 1,9°C2e] A2 45191 00 Stisen et al, (2007)
MSG(Meteosat Second Generation)of ©4}% SEVIRI(Spinning Enhanced Visible and
InfraRed Imager) AAE o]-&3}to] Aol e]7}o) 4] RMSE(Root Mean Squared Error)
= 2.55°C, Jang et al, (2004)-2 AVHRR(Advanced Very High Resolution Radiometer)
Ag, 1%, goFdAZ 59 98 H4~E Neural Network HH]S E3] RMSE = 1,79°C,
Prihodko and Goward(1997)&= A A]=e} X H 229} 7] =9 AFH-S o]}
o RMSE = 2.92°C, Yan et al.(2009)& AEH 2% o%, A% T2 0]8510] RMSE
_ 393°00) HEEE o] 2EE 2

2 Ao ] L= F0] FES 9I8) B3 ol ARk Zbgsha o)
SwE SASER, B2 giule] ARHEE B BAo] GlolE AT 2k AT 4 ol

5 AR 2= S5 7R TS o 833l 5, A2l M ATt MODIS #E Al=
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Q1 LSTS} AP AARE ¥ —i‘— fe Hlﬂ’é‘H HITE MODIS AlAE tf7] &% AWE =53
T = TS 7H1AL QA kout TOVSS S8 == o] EAstE R 3] darefs
S Z3 tj7] A& AmrE YA Borbas et al, 2011, Mendez Jocik 2004). LST2}
AP 7522} ASOS 1S 91O t7] £ Wat s, 1ol ) 78 CRU
TS3.20 At=E o83t HAS Fof t7] &%= 4] 7HAE 5 UeA| AHESI

\-J

3. BFLHE
3.1 ¥ EHAE 5% iy| 2% &3

311 ¥ XEH 2%

£ Qi 9ol g mo} ME 89 A el LST 4RE W AR A}
ek, @ AR 1 A 2 89 4] vletlo|El(metadata) S F5) 44 A Wt
£ olgafo] B S glou, o] A9 ARREA RS ol e AL A4S 3 29
ofi= F71el lmA ke 74 BAol 4 4+ Yirk. webH 8Y A& ghol 1 771
SEgroleha 7hgstel 2 T7e] Aoz TFEAE Fol W AR HPSIC,

)

3.1.2 €Y 17| 2=

AP A2 58 U9l2 AL, o] 3 B AoS A He] A4S sl
24 A7k 207) A9] = g o] 9 e% AEE A9tk Mendez Jocik(2004)9]
HFAlo] wa} 1000hPa 9 620hPa®] o] @ 2TZ o]fdle] AF WAklinear
interpolation) = ]4H(extrapolation) S 3| Z]/\P 2mo] Fsl= 7| 2=E LSt
et A% 3]F|(linear regression) S o83t BAE wk2 4345t oLy, AE Ui/ it
3} 2 Zjolg Holx| ek}

Aqua Se] ThAF A1k AR Alzte] Sk 0l ARE BEslel F7t Lug Tt
T AB FO| ARE Fisio] o) Y] LES TR, AFHOR W H 7



Y St 28N VISl H BAL

2%, ol 2% U 77te] 2% AZE At

3.1.3 7] 2= AUHS 2H

Aqua 9)/Jo] Ay A2 Ao A tigk @4 14] Bkl @3 1] Hholo}, diit 2|
T vt AR Al AU e, 7] =71 #ate] o]2+= Alzto] e AL (solar
noon) Hr} @ A|7F Folal Ao o]2&= AlZto] tfgf & 7] dul H(Parton and
Logan 1981) = &u} S (Aguado and Burt 2007)T}2L 75 YA A a &5 A2kt
o] zto|7} EAfstA Hrt, webA & AoAE th] 220 YHstE 1egt B o8
sto] a1 9 HA 2o o]2= AlZof|Ae] 7] 2=F 44t

ASOS 6039 AJ7HE tff7] 2Eo|A 21l 2wt HA 2% AJZHS ekal, ek
W ALS o] gsto] ZF I UZE(sun rise), Y HL, Y& AlZ(sun set)S -1

o bl
A AL, A 2= Al tiERE Q] 4, B e A2 S GERE QI

tTm’i,n = tT’rise -1 (/‘\‘} 311)

tTmaI = tTnoon +2 (/}1] 312)

U] £ AIMSIE 6]2517] $15] Parton and Logan(1981)& 77+ LI Aol T4
(sinusoidal function)®] YH =2, of7F L= = X|4> $H>(exponential function)= 7145}
9o Lagouarde and Brunet(1993)-& F7loll= A}Ql &h=0] i ofzlol= ZTEA &
FO| Fr(parabola) = 75T 2 dqtollA e A 2= AT dE AJZte R ol
& Wro] Parton and Logan(1981)9] 75 we} 2|4 ohef AR 92 g tf7]
25 st R ALgek SHAL, o] A9 AT L Az HH S A2 Ho]
7% Azt B3 S A7) Fo|meh ojo S, A4 Aueh e A% B

or w7} ubgEltH Figure 2).

Hah o] L5 WSS v} Zrleks 7713 L) Hasks P70 Lol
747t Al F719) 2L 712 % Ao A9l §4e 7198tk Figure 3). O Parton
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and Logan(1981)2] mEa} FARRE gk MM 2L 255 v t)7] &7t &

o evts] fashs avks & vehd o qlok

L e

Termperature

Tmin

i
/ T )
- Solar t Sunset
toun  SUNrise No ar timax
el Local time
Figure 2 A diurnal temperature change model using sinusoidal (thin-line) and exponential (thick-line] functions

for daytime and nighttime air temperature, respectively.
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Figure 3 The proposed diurnal temperature change model using two sinusoidal functions for ascending
(thin-line) and descending [thick-Lline) air temperature.



Lot SUM FH2 B8 225N J120| 47 YAF

S1E % Azl W2 7] L& s the 4413 2o o) olgsiel Yaw
Hareh A2 WAL 2 AZelAe] 721 3 ozt o] SERe 1 Y HA grless

: ™ (t_tTmiu)
T_(Tmax Tmin)Slﬂ(QW F Toins tomin =t <t
(4] 3.1.3)
W(tf M)
T:—( TmaX_Tmin )Sil’l 2 ( TmaX+Tmm) 0<t=1
2 tTmin - tTmaJ +24 2 ’ — Y"Tmin
(4] 3.1.4)

Tmax —2’_ Tmin )’ . tTmaI

( t]’m,a;r, +t1'mm +24 )
T:—( Tmax - Tmin )Sil’l T 2 (
2 tTmin _tTmam +24

(4 38.1.5)

3.1.4 CRU X2 E

=)
0l0
rok
i
0

2 Aol E B glol §le Aol tisfl 7] =5 A 5 s 2 S48
7= Wtk o] 8atgl o, EA sk #E gho|u CRU AEE A5 f 7|
2= gk Zo|7h F - L8 = JESF Aol el 7R85k CRU TS3, 20475 |83}
o] LST 9 AP ZFS HASIELE o2 94 the A8 392 AMgstgon = gk}

CRU Afo]9] MAE ¥ RMSE
ket

£
o

S3fol AU T3 Gk CRU Afoe] 1] Holw Auful

065
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3.2 FuAkol 23

obA A% 9 A3 % A 7] S @ o183to] Hargreaves WO U
A ZuAlES Abgsieict

ET, =0.0023(T,.,, +17.8) (T .. — Tpin "R, (A 3.2.1)

Trmax, Tmin, Rae= ZH2ZF €6 231 25 A 259} 97| EAl2H(extraterrestrial
radiation, mm/day) &2 2|7 EAFFS joF A (solar declination) 59| ZF2 o]-&3}
of Ak o Sk 9 A& S8l ARt ETo= 7| 2a S84 (reference crop
evapotranspiration) 0.2 AA| EX| m& A S vigstad 2HEo] EAL UER)E= 4
2 Falolol Ant, B QoA TR gt Al felel fEEel B4 T 4t
FAAR =0 A A 71T 5] A= Al 1.05~1.200]0L M HH ] He=
1,022 7% 4= Slth(Allen et al, 1998), & A-tollil= BT E| o3t ks 11efs

Al AL 7% SRS OYR o83k,

(¢

¢

-

Hargreaves 74419 wi7/la= -8 A9 7% 45 1esto] x| dsle 4
%)=t Vanderlinden et al.(2004)2 F3 Ag|Q] | Hof o], T34 £)(2013)= L2t
2k Ao tiaf v A HSE =3slitt. Eo] 2 21(2013)«= F-=luzt A9
U Z1 2t RS BANE AFste] t] 2 Ame] 7] Este] S 2
4 oS s

+17.8)( Ty ax — Tnin "R,

mean

ET, =0.00067————
° (T Tmm

max

) +0.001 (7,

(4 3.2.2)

B AForEs Selusts gxgez AAsig o B3 A5r) glo] uiras
[991E 38T = fle A9 7 7P UAE = Qs B efste] 23E
b A} gick, o7} 7] 2] IAXE A 9 7| $e] ek gebd 42 gle s
SEuEte] 715 Sl s A ek miiHaE ARSSHA] ofaL 71E 4] 9] i
= It o]-g3}

N

fﬁa

N

UL
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3B43 AR EEE Y

=:]
=
AR HER RHAA 7} AR WESE T

HEHTE Y B4 Y U ARE SHHR AT = S 3,
6704, 12711 ARt A rof o= 2 Ao s Aol Evkes 24, 5, 8, 1199
AT ARSI dE 501, 3/ ARPAES] o5 P-PETY| WEHE 51
a6, 7, 8¥9| Fe W ARSShE P-PETV} 370 25 gho]=n& 64 Fholl= 4,
5, 69 2k= o] 4 glo], 74 grell= 5, 6, 7Y AR F+7 grol, 8¥9| Flell= 6, 7,
8 Apmo| 72 gho] Sol7h Ak S5 ARgo] ARt webA o] A9 849 gitke
ARgBto] S8 WAL, sfdthe e U AmE AMShs 495 wAlsto] Hlast

glout, 2 xolg molx it

N

7} RO G ARE WA Folol Sehe WA P-PET S WA /1%
g0 A 9] 27 AN UE AR 1§}

gacs

o
7

ML
T
ftjo
o
%

S
o
N
4>
N}
=
=
2
filo
2,
2

=
o}, ol5o] ARAS B Sle 3

4, ZAnt Y E9|

41 7 BANE S8 7] 20| £

A4 HAF AARoA =SS 25 GHILST, AP)I AP ghe Hi7] 2% dHe} BEs
3l olFAIZ] FHAP_shift), 12|31 CRUS F8fl EAT ¢1= ASOS 6071 71dt&54
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ASOS ¥5 72 o]& AR9] HAol= YA AREE]A|
e A 3|HE B8l AWAR2) G oo
(Table 2) MAE, RMSE 4 % 711]/&’3}3";11}(Tab1e 3, Table 4).

L0 AR Y 23 24

o] ¥ Aol IS gt o= A A=A AuE
S AQJFlal= LST7F AP W AP shift 2o} 7|44
A}, EET 7RE Y] LST, AP gheo] #5 4kt 436
UA|5l= A HIOH(EX*OPXI 2 LSTO| 7% 54, 7R ol i 2= 5419 949,
96%= g5k A & BA] 96%, 95%= AW) A=A o8 dider g
A Z=tl, 53] LSTe o538 1L 2%9] #ARS 13% 4ol A™skA] 3H{tHTable
2). APE 22 7 Wt 42% S E3ick(Table 2),

ZF H7] &&= 4 1Y HE2 MAEQF RMSE g ARttt o] gh52 CRU Ala=
BASIAY SHA] @2 45 doldl di7] &= g ASOS 7S o] A B
kel HatAQl Aol2, AYATE & 5 e WE FPHE 7] &5 ake] ddiE
Ql Aol Uehdt), CRU A& HASAY 5HA] 982 4¢- W7 ol5d il 2=5
A ¢Jetal= LST7}F 78 MAE ¥ RMSE 4fo] 2FA 1 APQ} H]S=3{tH(Table 3, Table 4),
AR B3 e o} 5 LST| A As| Rete o84S Aol A
o= LST9 2% e t7] 2= thaloll ARgstal o 5dolls APoflA 4%t gha A3t
+ Ao] vfz|sitt,

FTEHoR W 1 25 248 $JeliE o] 5Holl= CRUR B3 AP, T2 A
Holl= CRURZ H A3} LST7} 714 MAE % RMSEZ} Wokom, Z#] Lxof tiafilis ofE
Hol= CRUR RA3E AP, Th2 AlFol= CRUR RAEHA] 9k LST7} 7H WS MAE
2 RMSE #t& 23tk

71| 7] 2k 4 Aot Akt vlagie ol A 2polrt glof 2] Blae
(3]

BIAI5}R] 9k O 1} Jang et al. (2004)©| Neural NetworkS AR8-5}o]



e E5t 2258 J7129| El?# EFA}

A 2 Aol CRUE HASER] ¢ Z9-ol &= MAE, RMSE gto] ¥ RSIth, Neural
Network ‘5] WHle 12 ol 725 39 422 Lo S B a7y Baow
SHe B3 glo] RAIR Kool Y] L& Aol A8 4 gick

Table 2 Station-averaged coefficient of determination (R?) values (unitless).
Corrected Uncorrected
Variable Season

AP AP_shift LST AP AP_shift LST

ALL 0.95 0.95 0.94 0.95 0.95 0.94

MAM 0.89 0.88 0.94 0.89 0.88 0.94

Maxirmum JIA 042 0.44 013 042 044 013
Temperature

SON 0.92 0.92 0.96 0.92 0.92 0.96

DJF 0.62 0.58 0.71 0.62 0.58 0.7

ALL 0.94 0.94 0.97 0.94 0.94 0.97

MAM 0.88 0.88 0.96 0.88 0.88 0.96

Minimurm JIA 0.77 0.76 0.75 0.77 0.76 0.75
Temperature

SON 0.92 0N 0.95 0.92 0.91 0.95

DJF 0.34 0.29 0.48 0.34 0.29 0.48

Table 3 Station-averaged MAE values (unit: °C/month].

Corrected Uncorrected
Variable Season

AP AP_shift LST AP AP_shift LST

ALL 214 213 2.25 3.61 3.63 2.92

MAM 2.04 2.05 1.85 4.72 4.64 4.58

Maximum JIA 1.81 1.80 1.94 3.14 3.15 338
Temperature

SON 1.92 1.92 1.73 3.85 3.82 1.94

DJF 1.92 1.90 1.86 2.76 2.74 1.88

ALL 2.33 2.38 1.95 2.34 217 1.44

MAM 1.91 1.92 1.64 1.44 1.47 1.18

Minimurm JIA 146 147 147 2.10 2.03 148
Temperature

SON 2.10 2.15 1.89 2.26 1.98 1.27

DJF 2.19 2.22 217 3.94 3.55 1.89
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Table 4  Station-averaged RMSE values (unit: °C/month).

Corrected Uncorrected
Variable Season

AP AP_shift LST AP AP_shift LST

ALL 2.59 2.58 2.72 4.05 4.06 3.51

MAM 2.38 2.40 2.13 5.02 4.95 4.79

Maximum JIA 2.07 2.06 228 3.61 3.62 3.90
Temperature

SON 2.24 2.25 1.98 416 413 2.24

DJF 2.22 2.19 2.11 3.08 3.07 2.22

ALL 2.81 2.89 2.36 2.91 2.75 1.87

MAM 2.25 2.26 1.87 1.82 1.83 1.42

Minimum JIA 171 1.72 1.72 251 2.4 1.81
Temperature

SON 2.49 2.56 2.22 2.63 2.40 1.58

DJF 2.51 2.55 2.47 4.35 4.03 2.36

412 47| 2 UHE 2

ot
mjo

0|8¢%t 0|59 &t

7] 2= IS} BES o83t ol e AAAT - oA5H FHaL 2= A9l
Tk ofEe] F7HE HOlS B v AEoAE EAY 23]2 Haxsklal(Table 2), MAES}
RMSE®] 7-- CRU Atz =2 HAZE o= o AR A9 A7 fastAy 23] 57t
SFItHTable 3, Table 4), ©, CRU Ab=2 HASHA| k2 74-f-ol= o] Apol7} %=
Y B3] 27 £120) A9 71907 AL 0] AP shift7h APHT} Z-S MAE, RMSE GH%
B tHTable 3, Table 4). 1l %9 & Aqua $JAlo] F7to) A= Ajzto] 2|11
2] o2 Azl 79 2 Eaph glov, ool AlLks AlZisk 24 2] o2k
Apje] A2 of o] ol ol o] L sk mHE o] 3fef o[ FA|
A9 @A} o7k Zol=k 14 I IsicFigure 4). T2k ofeig wTke CRU
ARE o|8afel HASHe Aol AkAA Bk

llf
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Figure 4  Scatter-plot comparing time-averaged MAE values for minimum air temperature during all season
(unit: °C/month): each point represents ASOS weather station.

413 EX| D2 LU nEo| ¥

EX a9 uxo] JFrS Auy| Y8 EX| 1E ke 1l E5 7 1
9 27 5 =3 zho| )3t @x}2] zjol7} grts AR thall BAREA (Analysis
of Variance, ANOVA)S 43J5}3ith

B 750 9 5 ol 2 Hr] AR ASOS ZTEL A B4 HBL

Al(Forest; Evergreen Needleleaf forest, Mixed foresto] dl|goh= 177l 7|44,

73] (Cropland; Grasslands, Croplands, Cropland/Natural vegetation mosaic®| 3f
35H= 257l 7144y, EA](Urban; Urban and built—upe©l s@dsk= 157 71418
)9 A 52 Urgon, E(Water; 17)), $X|(Permanent wetlands; 171), #5EX]

(Open shrublands; 17H)+&= EAREA o] ZFHA|7]A] ket

T1

=
[

Tt}
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b

2|3l 25 0 Qlo] BA| w51 2jolof theh #AkEA] ¥t CRU ARE ©]-8-51
HASHA o= - AP= 954, 7Radol, LSTe w4, o184, 7RHol 5% o4
NN AFTHEE 7148 4= lglom A 2= tisfjAl= APTto] ol 54, 7R, AL
Aol AF7HEE 71245t x| w5 2to|7h EAeke HAtK(Table 5). CRU ALRE
ol-gsto] HATH - ol BX] w&EE Zol7} Ao A= & A &&= 34
Qlo] oJEHofut 2pol7} YERGTtHTable 5),

23 9 #4 A EA] 328 CRUR WARA 0 o152 LSTY MAE g2 1]
4] A|ofollAle] MAEZE @A) & A< % 4 gt (Figure 5), APY] %9 Wihz
SA] (o] 2] MABZ} HE EA] 5]so] ulstol wuwigure 6). A4 L= 34 A
CRUZ A 95 AL AP] MAE g9] A9 &1 2= 37 A9} ok =
A1 ASlolS) MAR ek Figure ), oF LSTS] A £4) Ao S

ol o} A 2120} 7] £ A7} 53] A Vehi7] el Aol 43 ]
Aol 44 Wi 1l o] £t Feiet B s, 43 £l 2
8 U I 914 ohe A5 olelit AE 2 s ez meld)

24 1= 54 A 53 LST 9 APE= CRUS o} 831] 243 7% MAE glo] 2414
0 Z7}519E(Table 3, Table 4), 53] A7t £A] 2|9}0] @3} gho] 27| Z7k5to]
1y Aol LA gkl 4] 120] Xjolzh 1A ol EefubA HeeHIY wARY),

Table 5 Test statistics for one-way ANOVA testing differences between land cover types.

Corrected Uncorrected
Variable Season
AP LST AP LST
ALL 0.14 0.16 0.03 <.0001
MAM 0.06 0.14 0.06 0.0001
Maxi
eximum JIA 0.16 034 0.0033 <0001
Temperature
SON 0.10 0.12 0.02 <.0001
DJF 0.50 0.39 0.13 0.06
ALL 0.34 0.16 < .0001 0.68
MAM 0.05 0.04 0.09 0.37
Mini
nimum JIA 0.09 0.23 0.0005 0.62
Temperature
SON 0.43 0.19 0.0013 0.91
DJF 0.21 0.36 < .0001 0.12
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Figure 5  Station-averaged MAE between uncorrected daytime LST and ASOS maximum air temperature during
JJA for each land cover type group.
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Figure 6  Station-averaged MAE between uncorrected daytime AP and ASOS maximum air temperature during
JJA for each land cover type group.
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Figure 7 Station-averaged MAE between uncorrected nighttime AP and ASOS minimum air temperature during
DJF for each land cover type group.

150 RS HY] Ql8f 607 71 FIEA 2% F ILEE ARRE W] ZF 157)
TR CLI(Z|471=2.3m~q1=33.85m), CL2(ql~q2=53.25m), CL3(q2~q3=
98.94m), CL4(q3~ZNZk=772. 6m)= EF3}ch

% BEE Zjo|= CRU ARRE HASHA| ¢ke 7 $olut ety 21 & 34
of 9lo] CRU =& HAsHA] ¢k B4, o574 LST Y 2|4 2% 34 A CRU A=&
BASA] e o35, 712, ALH AP S 5% 9] oA RIS 714

4 USItKTable 6). CRU At& = HAGsIe wlol= e &57E A7F B ARPA.
AL F12bslo] TE BRE AoI2 ekl F%o] thslo] £FER MAE H3}
FEFHUA G A Eou, dkeof wet MAE glo] S7RAY sk FAIE Het
WA= otk (Figure 8, Figure 9).



¥S S8 228 Jizel ¥ YA

Table 6 Test statistics for one-way ANOVA testing differences between elevation classes.

Corrected Uncorrected
Variable Season
AP LST AP LST
ALL 0.34 0.34 0.06 0.03
MAM 0.12 0.15 0.06 0.03
Maximum JIA 0.44 071 0.13 0.04
Temperature
SON 032 0.42 0.07 0.10
DJF 0.84 0.81 0.12 0.36
ALL 0.91 0.83 0.03 0.26
MAM 0.85 0.75 0.42 0.35
Mini
nirmum JIA 0.74 047 0.0006 0.10
Temperature
SON 0.53 0.45 0.05 0.47
DJF 0.83 0.74 0.04 0.28
12
2 10
= |
8 8 max
o))
o]
f
[ 6 m+ad
>
¢
c
s |
T
m-o
H 2 | . |
min
0
Cll (min~gl) CL2 (g1~g2) CL3(g2~g3) CL4(g3~max)
Elevation Class

Figure 8  Station-averaged MAE between uncorrected daytime LST and ASOS maximum air temperature during

MAM for each elevation class.

075




076

APCC RESEARCH REPORT

5 -
g max
=1
ko)
(0] 3
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(O]
©2
g — m-o
Q l i
= min
w

0

Cl1 (min~gl) CLZ (g1l™~g2) CL3({g2~g3) CL4{g3~max)
Elevation Class

Figure 9  Station-averaged MAE between uncorrected nighttime AP and ASOS minimum air temperature during
JJA for each elevation class.

4.1.4 CRU xt2E Sst EX9| g1t

AAGE] 49 oA gt ve) o] CRU AFRES o] g3to] RAPS wj 2 2jol7}
$A%IFHTable 2) :LEM MAE9} RMSEQ] 790l 231 £ 270] Ao HAL 3
93} gho] Ada] 7HA(AMAE=-0,01~-2.73, ARMSE=—0,11~-2 66) 519 tHTable 3,
Table 4), Z[A] &&= 49| -folle AP= o154, 7ha3, AEH9] %9 MAE % RMSE
ol %L—/I\—'ET}MEEQ(AMAE=—O_16~—1-75, ARMSE=—0,14~—1,84) LSTE o234 @
2} Zko] ZAasATtHAMAE=-0.01, ARMSE=-0,09, Table 3, Table 4).

CRU =5 0|83t HAE Fof AWHAQl @Aj= Wol o, o] 79 A4 ASOS
= 2 CRU Ab= ghke] 2po|7h =S A5 Algstch, 2 5 7F 71549
MAE, RMSE 52 AR Atz oz 2 @z} 7R 7IA]= x|F0o] Ql=g)|, o]E°] ASOS
©} CRU Zpo]7} & A|3Eolt}, CRU ARE o]85to] HATE APS} = gf Alo]9] @4}
2k ASOS®F CRU Ato|e] @} ghe] bz g Teji APS] @7t & X]3o] ASOS2}
CRU Alolof| & zjol5 7HE & 4= Qlth(Figure 10, Figure 11),
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Figure 10  Scatter-plot comparing time-averaged MAE values for maximum air temperature during JJA(unit:
°C/month); each point represents ASOS weather station.
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Figure 11 Scatter-plot comparing time-averaged MAE values for minimum air temperature during JJA{unit:
°C/monthl; each point represents ASOS weather station.
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Table 7 Comparisons of coefficient of determination [RZ], MAE, and RMSE values.
R? (unitless) MAE (mm/month) RMSE (mm/month)
Season
Hargreaves MOD16 Hargreaves MOD16 Hargreaves MOD16
ALL 0.90 0.94 16.81 44.20 21.93 4854
MAM 0.89 0.90 25.66 46.98 28.20 48.48
JUA 0.06 0.32 24.76 65.34 29.10 67.08
SON 0.83 0.90 11.12 41.59 13.58 43.68
DJF 0.57 0.56 6.44 2291 7.54 23.83

Zk 5ol thall Pearson A3HAl=ol| tidte] P-PET7} -=fatke] At do] 231(¢-0.5
%+=0.5) A8 FAG(test statistics)0] 5% o)A F-2JgHp-value { 0,05) Z-¢-9H&

LEZ3)9tHTable 8, Table 9, Table 10).

Pearson ARASE BAZE uf w7 9] e ol 1749 p-PaT 2
23, )24, 7k 37 P-PET WESI/E ko] MESleL e Akl ner)
o F ol 1, S0 A4 7H A SN A4, TheH 371 FARE WESl)
S WIS} O ATIAS URhilch, 34U AR o] 71 T, FUARY,
P-PETS] o]/l Wi AN OR ofshl F3e] MESleL B HRWAS 71
MBS Kendall's tau % o] 29 BAHORE fofsh ulu B& ghe bt
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Table 8 Statistically significant variables highly correlated with streamflow in Mankyung-gang watershed
basin.

Variable Time Scale Season SarTmple Pearson' r (p-value) Kendall's tau (p-value)
(months) Size
P-PET 1 JJA 32 0.88 (<<.0001) 0.69 (<<.0001)
P-PET 3 MAM 9 0.67 (0.05) 0.39 (0.14)
P-PET 3 JJA 10 0.7 (0.03) 0.51 (0.04)
P-PET 3 SON il 0.69 (0.02) 0.49 (0.04)
P 1 JJA 32 0.89 (<<.0001) 0.7 (< .0001)
P 3 JIA 10 0.7 (0.03 0.51 (0.04)
P 3 SON i 0.62 (0.04) 0.45 (0.05)
PET 3 SON M -0.78 (0.005) -0.49 (0.04)
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Table 9 Statistically significant variables highly correlated to streamflow in Dongjin-gang watershed basin.

Time Scal Sampl
Variable IMe SC€ | Season ar'np € Pearson' r (p-value) Kendall's tau (p-value)
(months) Size
P-PET 1 JJA 16 0.87 (<<.0001) 0.65 (0.0004)
P 1 JJA 16 0.85 (<<.0001) 0.68 (0.0002)

Table 10 Statistically significant variables highly correlated to streamflow in Upper Namhan-gang watershed basin.

Variable Time Scale Season Sar.nple Pearson’ r (p-value) Kendall's tau (p-value)
(months) Size
P-PET 1 JJA 26 0.89 (<< .0001) 0.71 (< .0001)
P-PET 1 SON 27 0.63 (<< .0001) 0.47 (0.0006)
P 1 JJA 26 0.91 (< .0001) 0.75 (<.0001)
P 1 SON 27 0.64 (0.0003) 0.49 (0.0004])
PET 1 SON 27 0.51 (0.006) 0.38 (0.005)
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Figure 12 3-month P-PET and streamflow percentiles in May (MAM] in Mankyung-gang watershed basin.
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Figure 13 3-month P-PET and streamflow percentiles in November (SON) in Mankyung-gang watershed basin.
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Figure 14  Gridded 3-month P-PET percentile maps in November (SON) in Mankyung-gang watershed basin.
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Figure 15 T-month P-PET and streamflow percentiles during SON (September, October, and November)
in Upper Namhan-gang watershed basin.
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Figure 16  Gridded 1-month P-PET percentile maps in September in Upper Namhan-gang watershed basin.
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