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Abstract The seasonal climatology of atmospheric rivers (ARs) and their effects on the sea-
sonal precipitation and temperature in Korea are examined using the AR chronology obtained by
a methodology based on the vertically integrated water vapor transport (IVT) in conjunction with
a fine-scale gridded analysis of station precipitation and temperature. ARs are found to affect
Korea most heavily in the warm season with minimal impacts in winter. This contrasts the AR
effects in the western North America and the Western Europe that are affected most in winters.
Significant portions of precipitation in Korea are associated with AR landfalls for all seasons;
over 35% (25%) of the summer (winter) rainfall in the southern part of the Korean peninsula. The
percentage of AR precipitation over Korea decreases rapidly towards the north. AR landfalls are
also associated with heavier-than-normal precipitation events for all seasons. AR landfalls are
associated with above-normal temperatures in Korea; the warm anomalies increase towards the
north. The warm anomalies during AR landfalls are primarily related to the reduction in cold epi-
sodes as the AR landfalls in Korea are accompanied by anomalous southerlies/southwesterlies.
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& AR¢] ZF33lth(Zhu and Newell, 1998; Guan and
Waliser, 2015). =3t & =31 5 shuel x4+ A 3t
A & oF 22%7F AR 9%k 7raeo} AHo] 9l
T}(Paltan et al., 2017).

ARE AAF F57] FAE =8, AH9H
TS Ao F JFES HH|Y
AR gk A7t ol M et A3
& AAFAR] 57 FE e ARS F
Ao ST Mg FF st A oA LAY
k= ARl FFHo] o, ARe] AF53IHA Fol
W2 7kel 199 AMZE siet Xl et 5 F3E
AE sty B39 the.g., Ralph et al., 2006;
Neiman et al., 2008, 2011; Guan et al., 2010; Lavers
et al., 2012; Lavers and Villarini, 2013; Kim et al.,
2013, 2018; Gimeno et al., 2014; Kamae et al., 2017b).
TS ARS] e £57] EY25E ARO] AESkE d
S A Y, 53] Ao WA sk F3F
I EHT IAE 7F-thRalph et al., 2006; Neiman
et al,, 2008; Kim et al., 2013). AR®] FHF& o4&
Skt AHEHA AAEo] Jon, 2FEHI R &
g 2ol J3S vXITHZhu and Newell, 1994; Neiman
et al., 2008; Guan and Waliser, 2015).

ARE §18AEY #5 2 AR AFAA AF-st
= A7 HEH 57| (Integrated water vapor; IWV)
E= A4 48% 571 %5 (Integrated water vapor
transport; IVT) 55 F3l4 <€ the.g., Ralph et al.,
2004, 2006; Wick et al.,, 2013; Lavers and Villarini,
2013; Guan and Waliser, 2015). 2 AFE0A Z
Ztskd 757 AR E o83t ARS AAFOZ 4
sk W Eo] JlatE i th(Lavers et al., 2012; Guan
and Waliser, 2015). ©]213 AR ®©X| Wyle] g2
57 EY29 NGHR 7 @A Aol BAC
st A2 BAE 7l ST ARY A5
o] A, XH=E & HEAHES 7Y, AAFH L
2 3t Ao JIgS Frh= Aol HsH o (Rutz
et al, 2014), AA|FH OB Fet 712 S5 )
Aol ASo] B EAtH(e.g, Ralph et al, 2006;
Lavers et al., 2011; Neiman et al., 2011). =3+ Z=}
AE5E o]&gk AR A9 WL 3t CMIPS (the
fifth phase of the Coupled Model Intercomparison
Project) 5 54 A& o83 ARS| v A% A

= o]FA|aL Sth(Lavers et al., 2013; Espizona et
al., 2018).

B2 AR AtEeC] BotHElzkel el X% st
A, AEFl HE=ol ANy, H A+ Hevt
HolAm 2 ¢ A9z A tisiA = A7t %18
=2 At} Mundhenk et al. (2016)S HE|H U2
A7t AR 2ANE 2 AE WHsAdS A3k
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3, o] AY9e] AR RIE7F ENSO (El Nino-Southern
Oscillation) ¥ MJO (Madden-Julian oscillation)&} 3
o] J5S Yk EgE Kamae et al. (2017b)>
A F A9 ARO #gF AFellA] ARS 7~8€
off 7P &5 F 0, e FEY dE AES X
el ofrlol &9 FF Aol ARe| FE3=
HI= 7} o1, ENSO, IPOC (Indo-western Pacific
Ocean capacitor)?t B3 gh ##e] oke AL ¢4
StATh BoRAlol A AR &, A, 7l &
ks AA 7] 14~44%5 A8k, A 9EE =
gk o] 20~90%E AW + Uk ARY #HHE
= e A 718719 2 H-o] = A
o2 d#x JriKamae et al., 2017a).

ARo] 3¢t Ao FFsHAl =HH 2 A9 A
o & FFE T gEA JoBZE FtEo] AR
o] AFsh= AF, T FFEo] F ZoRE ot
ok Forlote] A9, oFH| ARC] AuE FE
o] ¥, fEvEt Az A Eg A5Hd JE
o] QlonrR o] Ao AR WA Al S99 T
2 a7t S 7ol Eokd ¢ ok aE
2 o] WAEtE ARS HARIE 9 ARO| ZF
off MA= JF AEE Ash= Ao Fasit. o
AFoME TR A9S SAHSE AR SAS 24
akal -Euetel] ARe] AEsiis W, Aot 71
of mA= FIFS olalstarat gtk 24N = AR
2 AR A9 #hHo ois AW staz, 37%elA AAF
2 EoRA ol Al ARE AL, 48l = AR
o] SEvtete] A Frpel 7ld mRE IS
Awslal, sFollMe T8 AIE aofFetal EosISlt

-z

21 MEM X2

B ATE AR FOSP) AF 3w AR
Eob PR A BAL A TR 7180 45
Fol A7) B3 ARE MG ARY AREE
European Centre for Medium-Range Weather Forecasts
(ECMWF)o| Al A| &3} interim reanalysis (ERA-
INTERIM)®] 6A17+ ZHARIEE AMS-3FST) o] AH =
o] SldEE T255L60°1H, EAd= FHAA
1.5° x 1.5° 28]3 377 Fo.2 U4td A5 E AHE-8)
AThHDee et al., 2011). 23l FEe] 749} 71L&
EXE F4317] 913l Asian Precipitation-High Resolved
Observational Data Integration toward Evaluation of
Water Resource (APHRODITE) Z24E 9] U 734
9} 7]& ABE AFR-EATH(Yatagai et al., 2009, 2012).
olxJo} A& (15°-55°N, 60°-155°E)°ll thd+ APHRODITE
A5 FHAARE 0.25° x 0.25%]H, 7} 2|99 3|
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Fig. 1. Climatology (for 1979~2015) of annual mean frequency (%) of ARs from ERA-INTERIM.

BE AF AEE o83 +FEUTh ERA-INTERIM
(1.5°x 1.5°) AAF sk <tell 3671¢] APHRODITE
(0.25° x 0.25°) AA7F AAK F A85F BasH]
el AEA A E(ERA-INTERIM) d11e] A=17E AR
2 3gE A% 3671 AAHAPHRODITE) &5 ARO]
S Zlo 2 Hosigit 2 Al B4717ke 1979
WRE 201597019, AEE A2 Syt AL
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2.2 Atmospheric river Mo ¥ EfX|

ARS Aelek= WY F sk 914 AHE (e.g., Ralph
et al,, 2004), AFEAAE Y 2YALE (e.g., Dettinger et
al,, 201104 AHEE A% HEH 557](Integrated
water vapor; IWV)E AHg-8te] 44 7|E8 WHE3he
FAo g AHosl= Wyelth E thE WHS v
ZAtgy 2Y A5 2 AL A7 AEE 757 7%
(Integrated water vapor transport; IVT)E ©]-8 3}
IVTe] ZAxel A%d o] 5 44 7&S v5dle
T571 7% 995 ARE FYst= By Fol Aok
Rutz et al. 2014y IWVE IVTE o] &dle] Hojgl
zkzte]l AR¥ Zhrste] A A ST IVTE
o]-gste] HelE AR®| 735, Aol EFT A0
A Zrest AAAATE 2o, ARe] dEshe Sijt
Aol = o & FHAAE VeI

FElvtetes adol ekl X He]al A g o] Eitat
22 B AFoA = Guan and Waliser (2015)0114] A
Alg IVTE o]83t9 ARS Aolsl= WS A3t
Atk BA e ARG IVT ke v ez
B Fr=E 05, 1000 hPa 8] 300 hPaZbA] 226t
ARE AT ALk o 2

1,300 )2 (1 00 )2
= || = + | =
wr /\/ (gﬁ 000 7" o gfl 000" dp

714, ¢& ¥lsF, uel vie M7 FA19F EE ulkgo]
H, g= TE7EEolth

& WA= 2 I AR VT A= st g
Al X (threshold value)E AlXFsl= Aolt). 2219 e
S7F Az disl] 7k vl o 98 VEoE & 5
MY Ete] IVT Be] 85%F ZFslof Fth. o]
2718 WEshe A%E IVT 729 Zol7t 2000km
oldolar, Fgle] Zol|rt Fr 2u) o) F AE
ARZ Fojgit}, B BEXo 2183 ARS 6417+ 7H4
o] ERA-INTERIM AEE& AME-sle] 3ol 41 A4t
%|%lth. APHRODITE #FE9}ke] A|7F 744 Zjo] & oL
3le] o 41 FoE AR J9E 2T e,
AR o] 3 4 AEES YAt 1Y AR9)
FFE W BE AYd YA BAEER, 5HF 4
H FollA ghd o] ARC] &= 5ol A AE=
ARo] WHAg 1o 2 AgoJeiditt. AR AE 9] =
7F 1.5%] 22 AR®| A FEo] st =Fsle A
gt fxe} AZHE wetsle Blo] oyl 1A
AR©] Stz o] 2 FEo] 23 e Azl =gl
< o, 5 ghb=o] ARe] XS A-E “AR 45"

oleka HelsHsie.
3. |7 2 SO0} X|2fe] AEH AR £

AATFH AR 54 4% 23, AR $9=
s golA 7Hg sk, ek A B gehFig. 1), A
& AFe] Aot v R WS AR, MFES 2
& hF9 AStllx ARe] AF AFaHH, Foprlo}
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Fig. 2. Climatology (for 1979~2015) of seasonal mean frequency (%) of ARs. Averages for (a) DJF, (b) MAM, (c) JJA and (d)

SON from ERA-INTERIM.

9] gligt A2 e ~EH Ao} G, H, Aotze
7} A9 E3F ARo| 4ESE WX/ =34th AR9)
A HAsHE SR G AGdA] A AR
ARz AdHsAde of 204 AR & HEAS
Atk E mAA]. AR ¥1Eo] HEAde F9E A
AoA AHHF 71| °oF 80% olste] #S 7HAH,

2 A9 Bl BHoke u) Ed] WS |4
de & F Arh=™ HAA).

ARZ A3} AdE R 7Fst MEA-S YeRAThFig.
2). ALHE = AR, AR 53 22 59
Ato =z 7 Wi SHA A53H3 oW (Fig. 2a), ©] Al
959 ARS ALH et Uy #Hol A
AT A TH(Neiman et al., 2008; Lavers et al., 2012).
Soprlol A o FH ARl FFdhE BTt &
kown, e ~EF Yol = ALHd EUTHFig.
2¢). o QH oz He = b BHS ALt o
o] A-elA ARe] d55hs RE7E =UTH(Fig. 2).

SIS X3S FolAlof FliQt A e] AR HAYRI
e 98EHd 7P =4 JERTHFig. 20). L T
o= &, 7k, ALY SAR RETE =9tk AR
B g gt A oA AR HIE7F F718H7] AR
ste] &, A5 st AR WE A97A H=rt &
oA Tt 7HEol thA] AAdhe AWEAES HAth
5ol = sokrlo} dgt A, 53] g, Y&, F

k=748 7] #1294 43 (2019)

9 B2 IF PAloh A9 FolM ARe| AF
F3th Foblol Aele ARo] FH3E ThE A
of vlsh A 7F AHolvt FESGOM, Bl AR
o] AFHE WEst 71 B ekl o] Aoje
QT WSl B3 AR Fo] Fo YUl ARO]
HEY O WA B9, B 53 2o I R
Aoz Qs FAT a7t AT 5 U] B
o] A|9je] AR DL WS- Fastth E Puket
A4 Foll GIBA Pl Wgo] v womE
38 FEEY) W $8o] ) agEE B
FolHE ghEd] ARC| FHT A%, B4 71
o MlAE JFe Arsiarh

18 o

4. A=Y AR gt 24

41 4+ 24

AR ZF50] 3T 2]9(124°-132°E, 33°-43°N)e] 7
Fo vXe g 1] 98 74 T2 AR,
2 AR A5 7 wEt Aage 248 Al
AHZ ARo| AE3IAS o, AAE HAA A5l
"X = G A7) El, A AA e o
H] ARo] #AYsh o] 7}aF H]& (0|3l AR fraction
o7 W) A& tHFig. 3). k= AR 2o
Al B3} o] Eof AR fraction®] oW, x| Z el 7}
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Fig. 3. The fraction (%) of AR precipitation to total precipitation for (a) DJF, (b) MAM, (c) JJA and (d) SON.

Foll YoM E ou] e ZolE BT AR H1=7h
7HE = g2 e Y& x]Jol|A AR fraction
o] I 35% o, H dlt A Holl= Al 40%
o]4-& UEPATHFig. 3c). AR HIE7} Ajzo=w
Ao AL 3t X9 AR fraction 20% ©]
1L, FH- sliet A e 35% o)l s dshE A
A4 7se BHAT, 9F AFL 40% o] ¥ES
YUeAthFig. 3a). tH2 A&l BolM Yoz 74
Z AR fraction®] EolA& A3 &g, Bole SHA
W3k G Sjot X HFolA] 35% o)A, A X FL 40%
o] o] 2 THFig. 3b). 7Hel Wi A ubel|A] 35% o],
G A Aol 40% o]AFolAthFig. 3d). ol
Folrlol Al e] AR 9]t 5Tt B, o E, 7R Al
A 3 A FF] 14-44%S XA ks A9

Aol FAFSE Ao th(Kamae et al, 2017a).

Shite 2] oAl AR AIRIE=S} AR fractions 7
gt A HEAAS 7N, AF5H 7HE =3, AE
el 7P gtk 28a gRke X9e] AlEE
A 7] dojA ARo| AAEde goll WA
o] 2R k= v o] =4 YElg o, 53] F
FFo] B2 oFd ARo| &g de] Aol A}
ABtE H]&o| L AAHoR =9t TEE

o oY

AR 352 ke Ao Akl i 2
FE MAe FBer = 5 Ak

ARC] AL&H AFHE] AR vA= TS
ol at7] Asl, B4717F 5 4 o] 0.1mm day™
o4l Zh7t @AY (wet days)e] AL (elst A
), AR HAALYZ AR v g zhzte] 7
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Fig. 4. The precipitation intensity (mm day™") for all wet days (left panels), AR wet days (middle panels), and non-AR wet days

(right panels) for DJF (upper panels) and JJA (lower panels).

THAEE l"i:—’}gl-?i‘:‘r(Flg 4). F7+} A7y At
ARO] —f—zﬁ@ A+E AR HL@‘Q(AR wet days), =4l
34| k2 73S AR Y L (Non-AR wet days)Z

A o) sl T} ijﬂ A (All wet days)ol]l it I+ =s
B4 717 AA disiA dErE 2 gE dell o
et ArEe ov)gitt. Ags 9453, BF AR T
Add digk A= ARG ek A5 =R2n
Z7 etk st FollA] Fek A oA AR A
o] Ak =rt 71 AA —7]'%10‘34 53] &
Aretst 1 Rl AYGeX A=t A 7=
t}. o] A3 AT-EME B THKim et al., 2013,
2018, Kamae et al., 2017a). AR H]ZAd o] 47w
= o5 UlFEe A AL FriEn
o 24 AerdEe] 374 Y v
RS B o]Eg zlols At eR AR 2
Ao =Tt 73sh] Wil Ao R AbRE T AR
off o3l et FFAEE Hole 7‘]“‘ 2 %’\1 At

ARel 93k 7 HlEo] w2 A

9tk ol ARel HFIA AA G ST
AN, e FEe] B, & G 5ol % 9

g mxItheE S 9vgit)

AA Aol 3 5% 73 05%ile S ARESH
o AR 3 Ao #AEA S B sATHEFig. 5).
95%’ile e 4 7o) 0.1 mm day’l o]Akel 7}
F7F BT ol thsiA] A= AT ShkE 2] 9]
95%’ile 2] e RXxE ﬂxﬂ Zdrdel] gisiA A
S 2-25mm day”!, 9 EHAE 10~70 mm day’
R, HEA FEo g Zrs A4t el
o} AR AL th3t 95%’ile 73] Aee ASE
ol 2~35mm day”', 52l 20~90 mm day ' %
W o2 HA Ade vlEl Frtstnh X H9H e
2 EHGE W F AE BT FE AYelA F 10 mm
day! A% FA SrrsIlon 53], ol 5= b
i I b P B e A A R e e
o|ZA A AHofA] A F7FE A OZ Hol X
FAA aR8lo] AR &gt b Skl & IFE +
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(b) AR wet days for DJF
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124°E 128°E
(d) AR wet days for JJA
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Fig. 5. The 95%’ile precipitation intensity (mm day™") for all wet days (left panels), AR wet days (right panels) for DJF (upper

panels) and JJA (lower panels).

Aoz Ayztert
ke 2o Fo| A% ARS| W9 FF3HE HS
o] &Y, AFAEI E T B A (1255

Ao a
129°E, 34.5°-38°N)°ll thaljA] c}
njikd o] A SEE T

o thak AR AU}
<~(Probability Distribution

Function; PDF) £4& OI"EiE}(Fig. 6). AHAIE BT
AR @A do) =71 9 733l 7o) 7k g =7}
7F FE 8T ﬁ]éai Hots W, AgHde 3
Zdret 7ol g Awe] 797 AR AL E
‘/]’E}"L‘:} wolle oE Aol Hlg| F 7459 A
gE Ao|7t /M ZeH, ALAF xR 7P
23 Awrt 99 A4S ARel AR A9k
o= AFE 57 P’ﬂ ‘I}E} 3] AR “a“ﬁ%‘
7

A B 2 Aol nglth /A% A
2 AR WAL e 49 4w #8e] ¥
Skt R S 3] olME AR WAL P4
o] AR MZALEY =T el BEL
2 Q1% A5 P57t Sk 8 ) ofaf
EHTFCﬂ 'qéﬂ- Z}' L_ 1Al{'4 }é'zq;z Eq;q %%%ftqﬁ

42 7|2 24
AEZE Zpol7t FElG AL AFH taiA &
‘?lE A9 71l ARe| HAE IS EA 5T
AR A} mpdAd ol thek Bt 7123 AL
B 7] Ho|2 Ealo] ARG IS BA &t
(Fig. 7). 73 o}84e] 5% ARo| ghlwo] 45
& 7, ke AA A 712 S7PE AU AL
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Fig. 6. The PDFs of daily precipitation intensity of AR days (red lines) and Non-AR days (blue lines) for (a) DJF, (b) MAM,

(¢) JJA and (d) SON.
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Fig. 7. The surface temperature (°C) for all days (left panels). The difference of surface temperature between AR days (middle
panels), non-AR days (right panels) and all days for DJF (upper panels) and JJA (lower panels).
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Fig. 8. Same as Fig. 6 but for the surface temperature (°C).
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o OF 2°C o, HE AL oF 5°C o] 7
ol I dEHde EEISE 173 &
FE 712 el A et 2 gsich o
Ao 71Lo] o7t ZHashe AQE UATh E
AR PEAL 3} AA Lol thgk Zol= =A%
L oF 1°C ©]3le] 71 At YRt
Aol mERIAR 7)) tlsiAE AR 2
e disiA] zt 74]%4&‘ PDF £4S 23519t
(Fig. 8) AHAE BT e 7190 wba Fgo| 7+435)
3L, 2 718 BA gEe] ket 2 SellM =
AgZo 7P FElg Zfo|7t vebsTh Ag5Zole 7]
& By zpol7} AXA EYA|NE ARO] AT A%
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