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Abstract This study investigates the physical mechanisms that contributed to the 2022 Euro-
pean record-breaking heatwave throughout May-August (MJJA). The European climate has
experienced surface warming and drying in the recent decade (1979~2022) which influences the
development of the 2022 European heatwave. Since its spatial pattern resembles the 2003 Euro-
pean heatwave which is a well-known case developed by the strong coupling of near-surface
conditions to land surface processes, the 2022 heatwave is compared with the 2003 case. Under-
standing heatwave development is carried out by the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis version 5 (ERAS) and daily maximum surface tem-
perature released by NCEP (National Centers for Environmental Prediction) CPC (Climate Pre-
diction Center). The results suggest that the persistent high pressure along with clear sky tends
to increase the downward shortwave radiation which leads to enhanced sensible heat flux with
the land surface dryness. Terrestrial Coupling Index (TCI), a process-based multivariate metric,
is employed to quantitatively measure segmented feedback processes, separately for the land,
atmosphere, and two-legged couplings, which appears to the development of the 2022 heat-
wave, can be viewed as an expression of the recent trends, amplified by internal land-atmo-

sphere interactions.
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) TH(Perkins-

Kirkpatrick and Lewis, 2020; Seo et al., 2020; Yoon

et al,, 2023). 53], 4 A= 1979~202087H4] &
U S99 % 1%‘4 tE Aol Hls) FH A Hl
E9 e BF HAaRT 3-48] o ZolX th(Rousi et
al., 2022).
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1 Ao Zd Bl IS A= 8RIES
aA s EEF, e 2%, EY (Sl
Moisture; SM)2.2 & 4 SlTH(Garcia-Herrera et al,
2010; Seo et al., 2019). A5 E27L oldy A=

o} gt} A|E Aole] LxA7) FolX A FE A
E J1F7F okslEa, aqbe]l AAEe] A gt
1994, 2003, 2006, 2018 7~8¥ AF3H Ao Zg
AHRIE AE 7159 etz 3 B2 Aol =4
< AN Fo A T YR AEEHJATHRousi
et al,, 2022). 20159 AFY X9 Y2 HOlX S
S L2 HAE ] A 2= Aot AAE L,
ol AE 7Fe HAE Fsle] 3 F717F HuiA
Foll, mEest F717F Aol A= Aol 3
719te] P = tH(Duchez et al., 2016).

SME oF 1-2"9] W EES ZH= subseasonal A7ZF
TE We] d&dsd 4TS vAe 2 2 713

9] 34 Wgolth(Seo and Dirmeyer, 2022a). %
e A3 #F A8E 7SR microwave I
o] YdedA gAgt SM AHE &} BdoA Rojdl=
HEE Bl FA 6t 59 F4o] I e
™ (Reichle et al., 2017; Seo et al., 2021), |23+ SM
A5 FA Fo R SMet XA E-oflifA] wEk Alo]
o Ao gk A+ HeLVF ¥ BwIA L ULk &
3], SM2] HHslol| w2 AH-t)7] FE2e3 A w
Ay Afele] Aol FHZ FERAL Qlth(Fischer et al,
2007a, b; Seo et al., 2020). A|H-th7] A& 2&L o
UR-E 2] 48 W2 el 7ukste] SMe] #H3shrt
AH FY2 Wt S Fo] AW ZA 7] A
HE Ak AFS gtk SMo| FHAsitid
9 Z Y (Latent Heat Flux; LH)2] H] 0] ZHAsty
HE Z3 2 (Sensible Heat Flux; SH) H]&©] Z7}38}
22 AW A 7]o] Frtsth 18al SM 7
A2 g7I7F ARINARA s 4 LE(Lifted
Condensation Level; LCL)7} 23<53tt}. LCLY] 352
e AR olojx |, A He] Az AE7t A
EET A9 dAIZ SMF 7122 o] Frtehd
O Zo] Zasls 59 AATAE, SMH A
2 gFo] A e FE gadte o] ddH
A7 A2-o] 838# Ar}(Seneviratne et al., 2010; Seo
and Dirmeyer, 2022b). 9|A|Z Fischer et al. (2007b)=
37 1976, 1994, 2003, 20053 A-F-HollA 2P
ARl digk SM W17 AES F8) AA-tr] A4S
Zgo] 9 U(Heat Wave Day; HWD) 2ol 50~
80% A= 71%he Bk sl Aol w=w, sM
o] ZAE AgEjolA] 7]20] Frlele A2 AMe=R

We & BAb UA 7L Bl olvska, ol A
23 AW UG fuEsie FRAFE GaAgIm

SH 7k =9 2744 o2 HWD7l S7sH

sh27)2438] Ul 7] A|337 33 (2023)

A
S 2 water-, energy-limited regime .2 F7Fg
4], water-limited regime-> SM7} Zr43tol| )
g80] Zraske o)A, energy-limited
regime SMo| ZHad|= S §&o] ZA3A| e
HFgoltt. fFH2 SM WSt di7lel JF¢E HA=
water-limited regime®l] $-M|3 X|Go7 ZH WkAlo
AW 7] s 2Hgo] T3 JTS $)(Seneviratne
et al., 2010; Whan et al., 2015). <& <] Fishcer et al.
(2007a2)> CHRM (Climate High-Resolution Model)
238 ARE3le] 20039 ARE FHAMRIS] A9 B
FH Az SM x71o] AFH7EA] A E o], SM
HYd HFES Bl & HAMFo| Stk SHIT H
A el HAR Frhete AEo]l EAE S
glgich, ®Eg, 20189 - it uyn|of, Ef-9 3
d, 9= SM Hsle} datE S 2E A F
a3k 98 19, 53 4 WE SHAA Az
o] Pd AT Az 297 =2 U7 7Y
Hoz Y Ao & JIS FStH(Dirmeyer et al.,
2021).

2 AFeM s 2022d FEAGS] FH B A
H-d)7] Asakgo] A9A FFE vHERA FRls)
a2} gt 53] tiEA AlERl 200393 20229 MIJA
(5~89) 717+ FE @9 FHEEY] FAME A
otod, & dAFelM = 20229 4 20039=
A B EA sk AH-t7] A ZTH ol A
Z9 A YAYZS olslstaat gt

SMEe] 9 =E 3 ke A kel s}

3l #4 HS AEEF FP EA0 7]
S Section 29014 7]&35FA . Section 3914 2022
320039 9 Z99 SMH A A4 FH)712(Tmax)
o] FME A3, 4 Wz AH) 7] Ade2E-
o] duh} BAE =R SM-SH, SM-LH9}e] A2k
AL thFgt oA gt PR =EO 2 Section
4o A B Ao Y88 AglstAdth
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AEAEZ ECMWF (European Centre for Medium-
Range Weather Forecasts)olA #|&8}= ERASE A&
31 TH(Hersbach et al., 2020). ¥ Ao AL&3+ ERAS
Age] F7F S =E 0.25° x 0.25%]t}. ERASE 2019
de] 28714 AlF-E ERA-Interim (Dee et al., 2011)
Hop 24 B o] N EHIUL AEFS A2
AR o B2 o] A7k @ 94 AR AR @
22871 3] 9on, ERA-Interimol] 28 IFS
(Integerated Forecasting System) cycle 31125 T} A] -3
7HAEEE HE 20 MER TF R FX =Y
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1 IFS cycle 41125 A-&3te] Aikdv= 44
o] AUt} & Atolr= 197995 E 2022197142 SM,
SH, LH, 3} @3} EALo| U X](Downward SW), 3§43
ZAA% X% (PBLH) #1855 &85t}

2o A4 2R1S 9J8] NOAA PSL (National Oceanic
and Atmospheric Administration Physical Sciences
Laboratory, https://psl.noaa.gov)ollA] #|&-3l= NCEP
CPC (National Centers for Environmental Prediction
Climate Prediction Center) Global Unified maximum
temperature (Tmax) H|O|E]E AL&-slAt}. 7 s
T 0.5°%05° A s A el 19799
FE 20229714 ¢] A5 E &-8-3513th CPC Tmax Hl
o]E+= Climate Anomaly Monitoring System (CAMS)
9} Global Historical Climatology Network Version 2
(GCHN), 109787l1¢] A H#ZAEE Inverse Distance
Weighting IDW) W& AM8-3te] Wj4dgt dlo]gfo]t.

A BE2ARE olE, 7 aEEE dd =Y J)E
e A2ale] ZAS %28kl thRusso et al, 2014).
2022 d+12
U Uz, (1)
y=1979 i=d—12

Al de= 7150] e ERE ittt 42 7]
F 9te] AW ThresholdE A4S 93 Ixte] &
B ousiy, 7,5 yds e dHw Y 7]

< oJm it} 259 9] windowE AA 8] 918 1979
TEi 20227141 ¢] 717k B9k 710 HE g 124
o AHH 12¢ o|F7HA €] Tmaxs gio 2 Alest
o] 90 WEFE o, o] & U Threshold
2 AR

A A FH AN L

LHo] 2
H| &S #0187 Yo S 58S

sk Tt
LH _ LH
EF= =~ SH+LH @
S &2 AW duyA wgada ALtEls A

Bl W BAL UAE mHS = Bl
(R)Z LHE H]&& F3l 7:"*}5“;} = %511 ]
l E0]eE JUA F LHE % ﬂ”
g}o]zﬂ 2= OTQUJ] A E/\].ak,4 _'_ LHQ]- SH
goz gAg - 3
Zu BEs WA TR A4 AR
& LCL-deficits =93} tH(Santanello et al., 2011;

o o rH o &L

sk

e =2

Dlrmeyer et al., 2021).
LCL = ﬂ 3)
Fd - Fdew
LCL deficit=-LCL + PBLH @)
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LCL-deficit ERAS A4 AH2A A1 712, 1
7 olEd 2k, A4 AT dHolEE ARt &

% SAIE(LCL; Lawrence, 2005)2F &4 ZAAIE 3L
= (Planetary Boundary Layer Height; PBLH)S] =2
golg 4 glo:q LCLE 72 A% ©d 71—%([21_
9.8K km H & dE FEU L, =1.8K km™)e]
zto), A 718N XA o|EH &% (T) 2pol At
ol9] Mg elmatt}. LCL-deficitlq Ame] L)
FEE LCL Wl G vX2, A9 shgolut v
# Alol= PBLH Hstol] d2 w3t Ao 2=
7h S7bsbd xwe] 7tdE JElE PBLH7E EokA]
A, B R A 2RrF ek Aol wizhE A
g2 PBLH7} SolA|Al €}, qkeF, LCLXE.t} PBLH
ol moAIAl Hrhd, AHeA ke s F=2] 9
FE Wol #5717 FAHN HZt HE F e A
o] FAHET v Z Golx|A] Hrhd, Xl‘ﬁOﬂ*i 3
Zte = FEO] ol HolH #F77F SAEA g
o, Aol sk Ao g% Fag Ade] Ax
9

b3
o

ol
il

>

gt S A sk=Tl J—Q'—rﬂ] Eh:]’

8 A9 2022, 20039 2] G sSMe] H|Z]
el s AE R $lste Terrestrial Coupling
Index (TCI) 7N'dS AHE-3F9 th(Dirmeyer, 2011). TCI
= Ad XE'EFH}\7]— SM ®istol] dwpt ®IZFekA kg
s=AlE Ueile 9% Agoltt o] AFE SM
I AW FY& Atolo] A #AERE ofug), dut
Al SM w3} Mol AAE = XA 2 A7
LB AFdX e olE E85t] A F
3lo 2 ]’}TOJ H/\-]O]_Uq’ A fﬂ.;,/]_ E]_a\
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tmosphere, two-legged couplings
?2}7} Xl ‘é'ﬁq*oﬂ Ul A5

rlr
of

(LCNZ ARy
LCI= p(SM, SH) o )

p(SM, SH)YS SM3 SHE| 487, o(SHyE SHe)
FEZAAo|THA](5)). LCIE SHEY FFHx}o)] o& 7}
S® SMI SH Atelo] Ad 379 7e7]= 4
T Stk SH W3l7F Tmaxell PIX= FaFS <lst]
-rlo}o% SHe} TmaxE 72t 22 3, Bl o= A
gste] e AFE FA ]'Ojot‘:] 7] A &Y
2~ SH®} TmaxZ Al4Ft] Atmosphere Coupling
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Index (ACIHE} A A5l ALE-5FAtH(Dirmeyer et al.,
2014).

ACI = p(SH, Tmax) oy, . (6)

p(SH, Tmax)= SH®} Tmax9] 434, o(Tmax)=
Tmax®] FFH2Po|Y ACIE Tmax®] FTFHAJ| 9
3l 7F&¥ SHeF Tmax Alele] AF 3|4 €] 7|&7]=
#1418 4= glth. Dimeyer et al. (2014)= SHol th3h
SMe] @&z SHel|l gk 4% &4 =4 g 9
gkl digt 235 AN B Aol = §A-017]
Ags B3] A S F RIPE AeE AT
3Fo] Two-legged Coupling Index (TLCI)EF X% 5}¢]
A& T

TLCI = p(SM, SH)p(SH, Tmax)oy,,,,. (7)
B Ao LCIE |4 el tig AW 32
o] Jgo 7 ACIE 7] delo] e A ZHxe

29|
go g BT TLCIE SMe W37t SHE W3}
A Tmaxell F= JTFS £43)
2 A7 e BE w4 AR $1ElYES 1.0°
1.0°0.2 wigkete] ARSI, A= 7°W~30°E, 91%
37°N~53NE 9 Aoz Ho)ssitt.

E

]

S~

3.4 3
20229 % 58U (MIJAVIA AEEHAY 9 ZF
2 20039 WS FA AT AR FHEEE U

ERRU7] wiitell 7 @S Asnal st XE-g)7] A
SAg] WA £ B AAS olslstaAt
ShAth 20229 % SEFE 8E7HA f7 A GoAM &
9] Tmax®] AAGBK)S HolH 4F A $| o] 7
£ 2719 HAE BOltHFig. la). 20033 =&
Hd] 2.6K9 Tmax ¥ Hx ¥ 435 AYI= A
27F 1= (Fig. 1b), A& 271948 A9a=
Al s71Fol 98 9 52 2 8 o|F #F
S Z2AA LCL-deficit 442 o] 2t (Min et al.,
2020; Dirmeyer et al., 2021). =3+, FA)o] f2e £
T 4 ae AU R 0o Wy B iR
olojAH, o= 71&E& FFATIAL SME AT =
el 285 FU3th(Ha et al., 2022). 20223 =9}
20030 Fo] BT A SMe| &o] HA}
(-0.039m® m>, —0.038 m* m>)E <l&} EFe] &9 #A
27F s oH, ol 9 WA A TS
v A th(Figs. lc, d). 202232] 7% olHlgo} Mg}
e 292 Q12 XY MIJIA 717F 5 HWD
7} 7 wekon, 2003 =] A 292, S AEY
of, AZo}E|o} A X FA MIJA 717+ F HWD
7} =& S B THFigs. le, f). & HWD Y2

sh27)2438] Ul 7] A|337 33 (2023)

T

PREELE

191 773 AT

7102 fejulet gho] TS TR 49 EE AY
(Fig. le purple box)ell ™3lA 441d7+(1979~2022)
MIIA 717+¢] Tmax, SM9] 715 33k 29 24 o
o] A WEg SIsIThFig. 1g). 2 A3, 2022,
2003 el 7+ A Aok T WAl 2 7Pd & Tmax
ol Hxtel SM 9] HAAE 27} A= AeR &
AEh A Here] A7 WENA Tmaxel SMe] 7
FAGFE FAg o, 0928 1¢ =& AAAS
Rom FAE AAFAS o =3 -0.889] F FH
L golslth Eeh, Tmaxet £ A9 4
AE AT 74¢- 0.88, AF FHAE AAT 4% 0.86
o & AHEEe B olgt e JAAAES B
3 SMe| TAE Tmax T7FH=2 olojAw, H#AQl
Tmax®] S7HERF ofuet ZAEA] 7]Eel F3hshe
o Fargo] WANIEe] FIVIR oo Hth= M Tt
shth 202235 7 2 Tmax 2 SM HAE B
o FEATHFig. 1g), FAE AAT A5 20033=2] H
27} 77 ZTh &, 2003359 739 R HEAl ol
o] gt ggFo] Tmax} SMe] Ao AA| 7]3k o=
A, 202238 Tmax A8 F4(0.66 K decade™)
o] ko g oF 13K AL 2% HX), SMS Al
& F4(-0.005 m® m™ decade™?] GO = —0.01 m’®
m” FE9 SM HA} fFEEATiy & 5
Figure 2914 MIJABE T SMe} A3 2|2~ o
3k 4413(1979~2022)2] A7F FAS F
A RQTE SEA] H]l npe} o], B AFtox] FE
3= A9 (purple box in Fig. 1g)°llAl SMo| 95% Al
Fezo 2 §on|sA| 725 AthFig. 2a). LHE SM
7avh Tl Agas PR ggtern, 53
G shl B AAofA fejulEtA St
ol stz g Ao V2 ey, a2
daff £ FAV AAagE Bl A#et fAlet
(Hoelzle et al., 2022). oJWg]o} HtzoX = LH7} &
A adke FA41S BT (Fig. 2b), L3 A
oA SHE =LA S7FekTHFig. 2c). olHgo} vt
To] F BANY M= A% Sl 34 WA
253k Thnot shown). ©]¢} o], EFo] Aoz 7
Z3te] SM Wzl wt A3 2 Wgo] Est
A < (water-limited area) >J3}2 3 ThE A1
o} SH7F S718la, LHE Zashke A7 F=8AA
el F A=7F SM HaEie AR R, 2022
@l ¢ 20033 H T SMo] Ax3 o] o] F7}st
ATHFig. 2d). 20033 2] 737, SM3} LH= 743k 49l
A4 (0.32)2 YERARRE, 20223 =0E water-limited
areaql olHg]o} RiE X ox ] LH #AR QI3 <&
o] o] Fasint Bde] A9 f9 Wl o8 A
AqH o] EAjE ] Aot A= FEEtal, SM
o] AL Ao M= LH7F #Aste] SM3} LHe] #

L

s
o
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Fig. 1. During May-August, Tmax anomalies (shaded) and 500 hPa geopotential height anomaly (contour, interval is 100 hPa)
in the (a) 2022, (b) 2003. SM anomalies (shaded) and evaporative fraction (contour, interval is 0.05) in the (c) 2022, (d) 2003.
Total number of heat wave days in the (e) 2022, (f) 2003. (g) Interannual variation of Europe (purple box, —7~20°E, 37~53°N)
area-averaged Tmax (red solid line), SM (blue solid line), HWD (green bar graph) and each trend line (dotted line).

A FEEAl YeRA] eokth Wi, e A oA
SM3} SHZFe] 9] o] fomshAl v,
20032 9(-0.62) HA(0.71) Bk 2 Ax7F ¢
o Aoz oalHYThFig. 2e). AT 717+ Ale]
FHA G FAHLZE fFojngt SMe| 7hae)
7 SHe| Z7}2 <& 2003 9% Hr}l 20229 %9 A

#go] o] 75 YERTE ©]= Benson and Dirmeyer
(2021)°141 ®.21 breakpoint ©]4+e] AZ3FF X]H|A
SH7} w53k A% sd¢ 442 & Aok &
FHOoZ SMo| 20221 E47|7F B 0.195m® m”
2 3do HiF SM (0227 m® m?) HH] 86%= A
393, SHe #4717 it 44.08 W m™ & 2003
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Fig. 2. Recent (1979~2022) trends of MJJA mean (a) SM, (b) LH, and (c) SH over the Europe, in which black dots indicate the
regression coefficient is significant at a 95% confidence level in two-tailed test. Scatter plot of (d) LH (y-axis) and (e) SH (y-
axis) against SM (x-axis) along with the distribution of the kernel density estimations corresponding to each axis. Gray, blue,
and red color denotes the result of climatology, 2003, and 2022, respectively, where correlations are denoted in the upper-right
corners and asterisk indicates the statistical significance at a 99% confidence level.
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Fig. 3. Daily time series of (a) Tmax, (b) surface SM, (c) LCL-deficit, (d) downward SW radiation, (e) LH and (f) SH through
MIJA of 2003 (blue line) and 2022 (red line). Black solid and dashed line indicates the daily climatology of each variable and
90% threshold value of Tmax for 44-year (1979~2022), respectively. Red and Blue shaded area indicates heat wave period in

2022 and 2003.
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o] HF SH (40.14 W mH)ETH= 3.94 W m 7} 57}
a9, Hdel HF SH (34.55W m™?) thH] 9.53 W
m? (27%) =75ttt

FH Zd9 B B WSEES] MIJA 717+
AP AAIES A3 Tk(Fig. 3). 202213+ 2003
del 71 3k oiR] \AkE gRlshr] 98] 1979~2022
HeEad) o 2 715 3k vtk Tmax (Fig. 3a)
o] 2022, 2003 #} Y ThresholdE &85}
Thresholddl] 713 k& wj3Z, 1 sigmaS T3+ 3hS 7]
O =2 1 7|7k ol Threshold ©17d9] Ftol 3¢ o
AEEHJE WE Edst] 4 717HE A
202238 59 10¥~5¥ 2192022 HW1), 69 424~79
492022 HW2), 72 179~8¥ 29¥ (2022 HW3)Z Z
319l 71710l 20033 69 4U~6Y 142(2003 HWI),
8¢Y 3¥~8¢¥ 14¥ (2003 HW2)E & 21 9] 7]7}ol] 2=
o] dhIsItE £ 7|7k F 2022 HW33} 2003 HW2
of SMe] 7P Azt AdE =, 715 3 o
vl ZzF Hit 0.05m® m”, 0.07m’ m® FEE Wt
o, 2022 7€ 20, 2003 8 13Ul U A
20.18m’ m™)S 7153tk SMe] Ao ¢S
“drEre] 74, 53] LCL PBL &0]9] 2]l LCL-
deficit®. 2 2218 4= Th(Fig. 3c). LCL-deficit %]
o] rel® 5ol I el AujAelgh=

AL omgitt. 53] £9 717kl 715 el #ak
7H A o WS SIS o, 2022 HW2= 403 m,

2022 HW3S 542m, 2003 HW2E 409 mQoH, &
T @7k & 74 Z2 Btk LCL-deficit %ol
w9 e & HAE YEWE 719 w8ke] 7
12 Downward SW7} F7F817]¢ & Z27AYS 9
w3}z, wEbA LCL-deficit %ol 744 Wl Downward
SW7t S7tsle FAIE AT 4 AthkFig 3d).
Downward SW =7}= R Ho|| E0] 9= & HA}EE
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Fig. 4. The spatial distribution of LCI anomaly in (a) 2022 and (b) 2003 over the Europe and (c) its climatology. The daily time
series of the area averaged LCI, ACI, and TLCI over the Europe is calculated from the center date to +5 days to obtain
temporal samples. The LCI and the ACI through MJJA season of (d) 2022 and (e) 2003 are displayed with blue and yellow
lines, respectively. (f) The daily time series of the TLCI for 2022 and 2003 are displayed by red and blue, respectively.
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