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ABSTRACT

Drought has been defined as an abnormally prolonged deficiency in precipitation
that leads to substantial hydrological imbalances in ecosystems and human societies.
Although this definition includes the concept of water “deficiency,” many drought
assessments have depended solely on precipitation anomalies and their chain effects
on water cycles. To suit drought assessments to the definition of water deficiency,
this study characterized historical droughts in the conterminous United States
(CONUS) using evapotranspiration (ET) estimates from the generalized complementary
relationship (GCR). Since the GCR explains the land-atmospheric feedback
mechanism, it allowed estimations of the actual ET (ETa) and the wet-environment
ET (ETw) using routine meteorological observations only. The ETa estimates were
validated with streamflow observations and simulations from a land surface model.
The Standardized Evapotranspiration Deficit Index (SEDI) across the CONUS for 1895
-2016 was then calculated by normalizing the ET deficit (ETw minus ETa). The SEDI
was compared to the Standard Precipitation Index (SPI) at various time scales. The
total water storage within catchments was also modeled with the GCR ETa and
precipitation data using the linear reservoir theory in order to assess hydrological
droughts. The results showed that the GCR provided unbiased ETa estimates with
the Priestley-Taylor coefficient of 1.26, which is a reasonable value for saturated
grass surfaces. The GCR ETa generally agreed with ETa from precipitation and
streamflow observations and was highly consistent with the land surface model
simulations. The SEDI was strongly correlated with the SPI at the strong

land—atmosphere coupling hotspots. At longer time scales, the correlation between



the SEDI and the SPI was higher due to the residence time of water vapor in the
atmosphere. Furthermore, by comparing the SEDI and the Vegetation Health Index
it was found that the former performed well in capturing vegetative (or agricultural)
droughts at time scales of six months or longer. The linear reservoir modelling
showed that the SPI at short time scales (e.g., two to four months) may explain
variations of the water storage in catchments with wet climates and low surface
slopes. This indicates that hydrological droughts could be related to relatively
short-term precipitation. The water storage in (semi-)arid catchments, however, was
not well captured by the linear reservoir theory due to its low connectivity to
streamflow. This study suggests that ETa estimated from the GCR could be a good
indicator of agricultural drought and could be used together with precipitation data
monitor and forecast hydrological droughts at the catchment, regional, and national
scales.
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Figure 1. The concept of the complementary principle between potential and actual evapotranspiration
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Figure 2. The polynomial function of the generalized complementary relationship
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28k 7Ma(hydrological drought)2 ETDEUR= F&0|U A4-TFAH A HS
7HEFS Uehlle A& F2 A%t Jcke.g., Shukla and Wood, 2008). GCRE&
&9l ET,7F F4%9 g 799 94 580 ot f-ddy} 4] ofgt 2 &4
AP o Qlnk 702 799 RE3Y TS USSHAY EolsHA FHH AER
A0l o3l tha o] 1 W A 0] Zhessixih

St+1)—8t)={Rt)+SMt)— ET,(t)— R.(t)— Qt)}- At (13)

(&

714, S(= A7 t9] |9 ALTHmm), RE), SM(), ET, (1), R, Q)= 22+
7F$=H(mm month™), A% (mm month™), AAZLAEFHmm month™), FFH(mm
month™), &% mm month)o|tt. 4= AZFFEo 2 B Aox= 17§€0] ARE-

Art.

o W A5 S(h= FF0l got e 2 Qulshy] fige] AA=Z 7hs BAIA
OM' EHHY o] AL QAFA|HORE: 70| 7hsstH 5ol 44 &
TSR o]& F%5= GRAvity recovery and Climate Experiment (GRACE) =&
A E(https://grace.jpl.nasa.gov)”} tHEZQl djlo|t}. GRACE A=E o] 8 3% U<
A2 Hol| A= o] U= AstrdE 1Bet 7FaAl 7 E 7Rkt e.g., Zhang,
2016; Houborg et al., 2012).

7 AFFeE TS B fsl WA 2 AFtolA= Martinez and
Gupta(2010)°] Altet 7ret 54 2P AP A5A|(linear reservoir) o[& 2%

stoitkFigure 2). 84 HOIS 915 YFUHL thaat o] APt
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Figure 3. The linear tank model for water storage modeling
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T;"ain - Tn (t)
PS (t) = P( )W T‘mow =1, <t) = z'(liTL (14)
P(t) Tn, (t) < T’snow
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0 Tn (t) < Tmow
Train - Tn(t)
SM(t) = [SWE(ti 1)+P5 (t” mﬁ Tenow < Tn(t) < T;”ain (15)

T,

[SWE(t—1)+ P, (t)]-m < Tt

o714, SWE(t-1)=2 PJ(t) o]A9 +9Y ¥ 9v|ol= Snow Water Equivalent
(mm)°]3l me §AAIGoITt. SWE(t-1)2 t A9 A=t g2 Qo) offet
Zro] W3}ttt

SWE(t)= SWE(t—1)+ [P, (t)— SM(t)]- At

e 58S B3l Bl fUE 22 EY S0 e g4 A2 ew A

=
I a1
(Percolation)5]AY P02 F-&(Runofh=e= IS AXA Aot EFE &3 7=

742 Figure 291 o] 2719 27-E 2 AF AsAI2 = UH.

WA wefsle] AR ket ol AbFHL

R,(t)=Fk,x [S{t)+ (R(t)+ SM(t)— ET,(t)) At] (17)
A7NIA k= AFF Aede] AFEAE Ut A (month)olth. FEF>
7IAREQYT AEFEQ)E TEHT ofde}t o] HojH.

Q,(t) =k, < [S{t)+ (R(t)+ SM(t)— ET,(t)— R, (1)) At] (18a)

Q,(t)=max{S(t)+ [R(t)+ SM(t)— ET,(t)— R.(t)— Q,(t)]- At — Spax,0} (18b)

Q) =qQ,t)+@,1) (180)
71A, S e 99 AT (mm)o]tt.

aokstel, 99 W A%wr BOjs] SR SREGY) AEsE SATRAS 9%

Teaie Tonow M, AEFEIFE 3tk k, S, & 670 oIt} 2ol Hash JExas
s

P, AAISHA ET,, G324 A2A7IL Tolvh UHA=} vi7Hez HojH
S()= SPEI 75 o83l B=4qfeteld Hds] 7he2 A3 o Ao



24 = Eoi |]|-|7H iI‘I

2340 AAE FERF2 671 w7
St} o7 S A diEAQl H
algorithm(Duan et al., 1992)3} Z2 &4
LOIRETF Afo]9] JRE FATIA]7]= A EX 0= JlHe.g., Kim and Kaluarachchi,
2014). SHARE 2|23} 71 AR A9 A2 sHok= f1dlo] W=t &)
29| #ENE BRE 5] vzl miiHao] ESHEAS 1185 ] of#e ©ol St
TebA £ A= FEH vi7fHS 992 Hlo]=(Bayesian) & 718t Markov
Chain Monte CarloMMCMC) 7|HE& ARESHtE +EEE mi/jdsy: 4L st
MCMC 712 Kavetski et al.(2006)°] =& Zzto] gt -Z3k(likelihood
function)& 7RUotHA EAZ 02 ARFE|Qrtal & 4= Qltt. o] & Yang et al.(2007,
2008)°] Metropolis-Hastings(M-H) MCMC ¥i8&S
Tool(SWAT)° #8st7] Al&et= 5 MCMCY ARgHfl= AW HoAx ot
(Diaconis, 2009).

ZE01 7+ 9 9] o] BHA A= ook
o=z Shuffled Complex Evolution

HE & o At 72 B5RE9Y

w\;

j_?_l', O.

E

d

=35 Soil Water Assessment

Ma& 7rds] AgshH M-H MCMCi= 299] A& oA F4+9] ola5E ZHte]
S-E3E o]85) AYsto] o U2 MEZ FIE olFAT = HAE FHeict 24 o]
50| FYQLol HHEE7] wizol] 24 Sl o] RolE E olFol= RARE 5=
= s 282 AL ZotlaL o]F ol&sf 7w SEEEdrE 7

Ao ARRE MCMC 712 Vrugt et al.(2009)°] A3t Differential
Evolution  Adaptive Metropolis(DREAM) &ygjEolty. Joseph  and
Guillaume(2013)> DREAM ¥ &S SWAT 23] 288 5= gl w9 582
R packageE 7Nl 54t ®Ho] 2 A0 EEFH T2 e v/ 74
o] o]&st%tt. DREAM MCMC €1El&9] ZpAeh AR Vrugt et al.(2009)2+

Joseph and Guillame(2013)& 2T 4

&

DREAM ZTe|Z02 ¥A] Zofel SWES Bt Aol 2349 SEghg o83
H’HE"“«] RIS —Z.—ZJO}“E}. o] 3 gm0l ujEsE wolE RS} SMOE
2o A9 HoJF=E A= FEFY g 3719 wWiHSE 45K
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2.5 94 Xg

ET, #4< 9ol £ d+olA 71dA8E e8d U PRISM 15 http://
prism.oregonstate.edu/)olA AlFsk= 1895WFH 2016W7H] ¥4, - HA
712, o]&HL o]tk PRISM € 7 AARE 354 Au=HConterminous U.S.; CONUS)
of I8 4x4 km? =R AlFEHIL ek PRISM A&2] 37+ W o] oJsf & A
o] HQ] GA| geA7te} sheto] 5 AT v]FAY CONUSE AA=3irt. PRISM
Ame dAR FEHYE AR F HiEEHI U3 CONUSOIAM 7 AlFe &2 A=

Z S &84 rHKangas and Brown, 2007).

GCR= o83l ET,.& F4517| HoliA= «BAHR,)C] 875 =H °ol& #ldl Allen
et al.(1998)°] oJsf At ir- A 7|23} o]&HE o83 WS ARESIlH A
A7 AAEF AARE 2F o]l 8 H-e.g., NCEP North American Reanalysis data
at https://www.esrl.noaa.gov/psd/data/gridded/data.narr.html), o &3t &
ARG Ago] 7RsSHAIRE 19799 o]Folgt 7REjt 97t Wot 7] 7he B7HE Slsh
71208 SEAREE 45k FAO9] B W& ARSIt E 2 E ., Akl &
EAm7F Q7= PRISM At} Y% ZolE Z= Ame A gl wEhA
University of Idaho Climatology LabollA| 4x4 km? S =2 Al5-%+= GRIDMET
Ay (http://www.climatologylab.org/gridmet. html)& ©]-&3al Z+ 1981-2016 7|7t
o] ¥ BHAE A A&ttt Ax )V AtmE F4E ET,= SEDIQ| A&AIPE

AR Q8] HOJAF US Climate Division 344712 ZHA=| 9o



A BolE F39t FESH 7RaE 7= H|AARARH(United States Geological
Survey; USGS)Y] 28471 6-digit Hydrologic Unit Code(HUCG6) 3-Fof| thial 3=
Aot I Zojof gt mirivs S 98 198195 201687H4]2] USGS
Waterwatch(https://waterwatch.usgs.gov/) ¥ F=At=27F AREEHAT EEE of
/W= Snow Data Assimilation System(SNODAS) 2003-2016Y SWE Ar=
(National Operational Hydrologic Remote Sensing Center, 2004)5 ©|-&3] %
At

GCR= 4Hg¥ ET,= HUC6 +99] A8« dBd =928 AgE S8
AbFe] HlwE SO ASEUC E3E 294 North American Land Data
Assimilation System(NLDAS-2) A|#X&(Land surface models) & A HE-2]A-t7]
AAEO] o A] #S I Sk= Noah E3(Ek et al., 2003)9] 1/8° sfAte Ho] J+&
ARFS 5k GCR BT, & w4} A3 thhttps://ldas.gsfc.nasa.gov/nldas/). oF
=9 AA7REAEIY A5 Aol vl 7]=(National Oceanic and Atmosphere

~
N

Administration) Center for Satellite Applications and Research H|oJE[#o]A
(https://www.star.nesdis.noaa.gov/star/index.php)ollAl  Al&sk= 1982 H

2016¥7HA] 30HA] 3 Vegetation Health Index(VHI) A=E 3513
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3. Zit R uH

3.1 GCRS 0|8t HriSHi =3

FEEAC|ES o]&s 7FadiAls 3% Kim and Rhee(2016), Hobbin et
al.(2016), McEvoy et al.(2016) 52| F7olA= ET 0 tiet 452 A k=T
o= A% §lolk tE SPIY SPEI®t &2 S &3l 7 B7F 7R3 wizeltt.
SHAIRE ET, & 245 8=k S 719 7ha AA171H 9 2873 Qlulshr] o
AS2 ARl FEolt) 4x4 km? SIYER ET.E A TS0 E BT FSoh=
A B7Fs517] Hl2ol & AtollAl= Szilagyi et al.(2015, 2017)2} o] vl=

O
4ojo] QA3 HUCG level 28471 §9i2] ol et 95 o) 8s] WaHz

GCRZE 44 ET, 9] ¥l&Z YehdH:. o] 7|7t 7te] A+t ET, #2 7+ A5
HOlE FAID o A4 ofsl 22 AB+ At A% =2 A= 7S
7 Atk 28471 FY0] 7HX= 359 B+ ET, F8A2}F #5X]9] Hl&2 Bt |
HAH= 0.19 olth. Figure 5% ZF ¥R 5 SRR 2429 359 Bk
Rt TIRo]al S| X7} 45% Aol & HY glo] Hof U2 ERIT 4= 3l
=9} A A Ato]9] Nash-Sutcliffe Efficiency(NSE)= 0.88, Pearson AF3A|
“(Pearson r)i= 0.94, WEHY(P-bias)= 1.6%°1t}. GCRY] -F-YgH w741 PT
A@)E 12602 7HYsle Hol7t IA| I3¥shA] gh= 202 Helth &8 7§92
W&ol PTAISE 47 9t A7l Ak gt o] & 4= 9leut CONUS Agte] 7t

3] AR = Sl WA e=1.26012F & 5 A

M

H

)

o

Szilagyi et al.(2017)°] ARE&St @=1.133} H| XS W ¢=1.26= & A}o
o7 B 4= 9=t o]+ Szilagyi et al.(2017)°)] A& A=S} BPHo] B Ao} ot
tt27] wj&olc}. Szilagyi et al.(2017)o4= YARF AI2E 21 GCROYl &-85R=H
TEARG At BoHEARE 2t ZQIA] BESHA] Q). HhoF AubEAL AP E A

QIS B SEAo] TehAE 4 9] o] 12680k 2L ¢S AU TRsAo]
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ATF9] £EALES Allen et al.(1998)9] FAO E& HPol| oJaf Al4t=
of AutEAlgro] e H Aotk SHAIT SEARKS AR o R 24
o Szilagyi el al.(2017)2k= 22| 7M1 @847 Y= A7} Ut
o2 ¢=1.268 AMSH= Zo] ET, 9 ol © 7 & 4 Sich
Lhomme(1996)2 E3}H JTEHE| PTAS7} 1.269< o84 0= 8L w2 A
ToIA @=1.268 B5 Fol gl o ALT & QU= AR AQtskal dtHe.g., Kahler
and Brutsaert, 2006). °]24 ET, = Z3td A& 9] IAZTIAIFS Qust] i
o @=1.26°] ¢=1.145% 7]& 7= ¢ d¥S Zd= o= & = Aok

N, x0
i
iz

= 5
e

NN
£ 8 -
SIS

=

ol

2

ETa / ETobs
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Figure 4. The ratios of ET, estimated by GCR to the water balance observations
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Figure 5. 1:1 scatter plot of the estimated mean annual ET, and the water balance observations
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Figure 6. Distribution of mean annual precipitation from the PRISM dataset
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Figure 7. Distribution of the mean annual ET, estimated by the GCR

Figure 4° UeRd #= ET,2F $8%]919] vl&2 A 1.2014J9] Hl&o] Ueht
£ 7L SHRED AR 959] B3-S € & Ut o= HARA oA F2 o]Fof
Az WhesdoZ Qs B4t §&9] Alo|= 5743t ET, 2t GCR ET7F A4 24

A3 4= k. FHEAGo]| Hlsf w]A] o] 500mm T X HA|
%= A|9o] EolFigure 6) W EUS Bol o]Fofxith. o] AE-, A5t o B
£0] Aol TFE I Yokl £ wiZo] si5th7|7F EGaiE F50 9 vl wet
GCR ET,= 9oz AxA Hrc}.
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ST WS Bofl F7HAQl 339 o2 S S Bl 7|2 fY=Eln
oRzxl 7|5 7150l thA] Aol FRE & 5 Utk o] B A5l TS I
olu] :3}%]7] W&o] INEETS GCR ET,7F ol Ho] gelog & 4L gict tiit
T Ihsel oJall Tt SFks @Ak olu] ofg] AtollA 3Rl vt QltHe.g.,
Lu et al.,, 2017; Pei et al., 2016). 234 3+ R ojlA SxE =F7]7F I A Hoj
oAl AR golA]A] gk 7T Q7] whize] IhEEol Al vXe T
Aot Lo AedheS 118s) ZEXofoFd EA°lt. van der Ent et al.(2010)°
oot AEAF9] FHAL (T UH #3717 Z2 Aol oA F=E YeEe
Hl&)2 0.5-0.72 "I =1 AFHolE= 0.8 oo g 5ol = it
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Figure 7 1895-2016% 7]7to] tis] GCR=Z +4H A¥+ ET,E 2 Climate
divisiond= Yehd T1glo|t}. e B3I} FASHA n|ARA A2 SHA QT 4
F3] ET,7F F2 25 81 4= QUvh. 53] A E Yol 974, v, of=]zyY,
BF AFFA] 9] A5t ET, #52 300mm ©[st= Hil-¢- A Uehsdth. ARA 99| ET,=
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Figure 8. The ratios of the mean ET, by the GCR to the mean precipitation
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Figure 9. Distribution of the aridity indices estimated by the GCR

Figure 102 671l Climate Division©l ™3l ET, 2 ET 9 E¥<r=ol it ¥Fe=
webd Tolot. ZF X[ Huitt GCRE Wi Ao] vfsiA Ueht= A2 & 4 Utk
AE A9 AL EGpE F=o| gt ti71Y wESo] mie & A& UEt=T
A%t 3% ET,7F ET, 9] 208 oV A5dte 2& gRIg & Stk o] A9 AbEw}
22 A% o Yehue Aide] 3o Qnfsks AL & Stk W E27
ET, /550l ETD2}F A9] FARE tiAel 77k #AE Holil itk & A9 HAS
dojA= ZAlel7]= SHAIRE ET o] Eriol tieh WI=E & T Zo] a5 davt
0] KEelt}. Figure 109] ET, o ETHAIZ & 4l GCRE AA XA & A dujtt Z}
7] e AoEgo|29] HItAS Zohd 4+ Sl WHOE Holil o] B4 T

A 240l =gol 2 Wit FJEE wdd.
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Al WAL o] A9E2 49, E=, HadwYolHth Fiid oz HAxgt AHo]
oF. A3t 71904 GCRY “d50] BojRl= A2 ofn] 7|&AFoA Hol AFH L
Q7] WEoll(e.g., Anayah and Kaluarachchi, 2014) GCRY] A5} 7|52 A7H9] 3
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Figure 10. The complementary relationship between ET, and ETj at the six climate divisions in the
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3.2 GCRz} X[HTY ET, H[w

NLDAS-2 Noah 2% ROoA}FA HojZl 7+ Climate divisiond B+ ET,
Figure 113 2t} CONUS AJFoA 5 WFo g ol5TS ET 7t S71ot= A
= Ho|1 lom o|= GCR ET, 9 37HEEQ} dits= FEolz &
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rlr
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Climate division® 1981-20164 7|7t 529t GCR¥} Noah® g9 A%+t ET.E 1:
2 |28 Ak Figure 120] Yeich. % wolA) Qola BT, 2] B7HAEE S5
A9k Noah®go] d#=A ET,E A APgsk= A& & 4 Aot o]+ Xia et

£

al.(2012)°] <37t NLDAS-29] Y] 7HA] A ;= Fo] thet wapg7iel dits= Zo]
t}. o] AFofA Noah®¥FL Mosaic(Koster and Suarez, 1996), Variable
Infiltration Capacity(VIC; Liang et al., 1994), Sacramento Soil Moisture
Accounting(SAC-SMA; Burnash, 1995) X@H} 52 & o A Zostal ET. &
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ZA moJsh= Ao F7E A ok Figure 52 AHFEES 0|23t ET,B7I01A
GCRo| BRI Hol= 34 g2 Zo2 WS uff, Noah 239 ET,= A4HY =3l
<& 7Fs/do] A HQIth o]z "AtA FEEE oA GCRe| AXERT Hrh 2F H
£ BT & 3743= Chun et al.(2018)9] A7<t= A3 Atolct. Eo| EAbA
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2folA] = AHEFL ET.E i AP 7/l AUt
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Figure 11. Distribution of ET, estimated by the NLDAS-Noah land surface model
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Figure 13. Maps of SEDI6 and SPI6 for major drought months in the CONUS. The thresholds for
classifying drought conditions (D4 to DO) were 2.0, 1.6, 1.3, 0.8, and 0.5. Wet conditions
(W4 to WO0) were categorized by the same numbers for D4 to DO but with positive signs.
N represents the normal condition.
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Figure 15. (a) Temporal variation of the spatial averaged SEDI6 and SPI6 across CONUS, and (b) changes
in D3 and D4 areas defined by SEDI6 and SPI6
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Figure 18. Temporal correlation between SEDI and SPI per time scale. The two indices have same time
scales in the correlation maps



34 | SL HoE0IZS 0183 715 ZAP I JHY

SPI6®} SEDIG7} w2 AT Hol= A2 7 os tdi7jedtng o r dojdl A
H-ti7] As2Rgo] st APy A|HKoster et al., 2004, 2006). Guo et
al.2006)°ll oJotA A #E-tf7] FZAHgo] Aot AL F2 ART A1} F3 A
Ato]9] Holx ol Azttt YR AxeH AL F57F AT whEe] S8 #3571
SN S 5= gL, W E &3 292 ol 9] 571 fol Ho
AFQ] 3ol thgt 7]oj k= Kol A Hrh, whebA A X FARFe] A5 WA vt

ShaL SO RFE 9] 57 %?J—% ARHA Q0 2| GoflA SPI6S} SEDI6 Ato]of
=2 o] A=Y CONUS FEH-A90] o]d E4& 7K1 Ut

o

o

_,4
)
==}
o|N
(i3

ol
?

‘

Figure 19%= 1981H%E 201637H4] SPI6%} SEDI6Y] 37HAHS UERdch A%
=9 VS Aol At o520 A7t | o] HFasks AddS

o Ut et SAke] EE3 Aol Bhbkto] e E AL X] 7}
Hodeg JY AX= A ultith. AgHoll= S48 a3t oUA|7} Ads] £01
A H3L s T2 SgelA FAE 57100 A8l dold 7heAdol Aok AER
o AR AR B2 ofFdo| EGgEol SVt SAE A SUFSHA ot
(McEvoy et al., 2016). =g} SHAFO] 37 A3HdS A& o X0 ¥kg-5tod
Holol= Zlog whrheT)

Spatial correlation
© o o o
o N S [e)] @ -
[ S I

o
N
\

-0.4 LA N [ L L L L L N N L L Y N L Y N B N N B N B L B B |

1981 1986 1991 1996 2001 2006 2011 2016
Time (monthly scale)

Figure 19. Temporal variation of spatial correlation between SEDI6 and SPI6 for 1981-2016
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Figure 20. VHI distribution and drought areas by SPI6 and SEDI6
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Figure 22. The ratios of liberated water to precipitation from December to February for HUC6
watersheds with the ratios less than 0.95

2-0.4
I o4-o0.
I o6-08

-1.0

3 Gl

Figure 23. The NSE of the snowmelt model at the HUCE watersheds in Figure 22.
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Figure 24. Distributions of NSE, LNSE, and Pearson r of the linear bucket model
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Figure 25. Distributions of the obtained parameters of the linear bucket model
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Figure 26. The drought and wet events in 1988 and 1993 indicated by SWSI
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