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89 2 718742 v $2 F22 Q8 553 v]7]F(microclimate) 9} F= Wil A o] T3 2 FullE FAdsh,
o= F= Y (parent rock) H T2 E(speleothem) o] HA-&3f Bhg, A 9 13k {4 HE, FIYEHA FA T o
g F=WH 2HY(in-cave processes)oll A2 0.2 2Hg3tTh Ad 4 AR )& W) o] 2 2 wsYE A7) BE5AR
SAL T2 7187 A75 Dt GAIE R A A WA AT tE A4 B 7|0k ShE Bof2 A ZE £ =
B2 9j9E T4 sto] 57 d71384 BUER A dda 20 07|13 mteu|E (7], AiEE, COs, Rn §)<)
gutd A%, 183 o]E FASH= 5= 2] vlAH U Z(cave ventilation mechanism)S £ 02 =54t 271808 52
eSS E8T A7) 7% 5, A 5 B oS, AL/ A&7t B 2 B8 5 ThdRt BokollA o] 28 At
=

F80{: =, O|ttetEt, Bk, BLIEY, 2 87| HPLIS

ABSTRACT: Cave atmospheric environments, owing to their semi-enclosed spatial structure, develop a distinctive microclimate and
pronounced environmental gradients within the cave. These conditions directly influence a wide range of in-cave processes, including
precipitation and dissolution reactions of the parent rock and speleothems, preservation of geological and archaeological heritage, and the
establishment of cave ecosystems. Over the past several decades, technological advancements, coupled with the recent accumulation of
high-resolution, long-term observational datasets, have transformed cave atmosphere research from simple, sporadic qualitative observations
into a quantitative discipline based on continuous multi-parameter monitoring. This paper provides a comprehensive review that primarily
focusing on international studies of the historical development of cave atmospheric monitoring, the general behavior of key atmospheric
parameters (e.g., temperature, relative humidity, CO,, *?Rn), and the cave ventilation mechanisms that govern them. In addition, it introduces
diverse application cases, including Quaternary paleoclimate reconstruction using speleothems, reconstruction and prediction of geological
hazards, and sustainable management and utilization of geoheritage.
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1TLME

T2 AIAY A F3e] 2 2A(FT o
2 AdEE)olE E81L, o At 2okl F249
£ 9 9 A 213} F ohget Al47] A1 de B 2ok
A FEA ZEEo] & 523 A F-AE g4~0|th(Ford and
Williams, 2007; Filipponi et al., 2009). £3|, 322 4]
Woll F4% B3l (semi-enclosed) F7FO=, X349
37 M3t e S5 452 YA A7 A%
Mo wAuzEy] g A47] 27)F L 18 sl
7129 A9l AARAR AR He.g., McDermott, 2004).
SEARE o] 3t 715 ZHIEA sjAsl| HsiAe T=
W-& 7 24 9] AT AH-g-S olgfshe 2ol Ao, A
LA o2 F2 U7|ed BUEHT Y e do] tiFE] gt
th(e.g., Spotl et al., 2005; Hu et al., 2008; Mattey et al.,
2010; Riechelmann et al., 2011; Breitenbach et al., 2015).

2 7184 2UEEL 7|2, AHEE, olitsieta
(COy), ZHE(PRn) 5 78 7] B9850 B5E 9
njsle, o] & F8 A3 ARES A47] 17)% 9 1
74 59, QA A+, 2 A @ 1 sk fAF EE
T oA 7 9 BEYE A Y N AR E AlE
g 4= QtH(e.g., Fernandez et al., 1986; Jo et al., 2010; Oh
and Kim, 2015). 7} 27] @419 5= dj7|84 2U ¥
B 7] =Yg wold = R 7Ry 25 2
F= olsistal(e.g., Conn, 1966), °|5 F3l HA A5t &
Zrol X 9] ti7]eghe AYstAY A7AF Rfdo] E7ksdt
T2 Yr9 37t A8 H Hu] 55 45| Sl &8
ZQitie.g., De Freitas et al., 1982). o] WAl E &7
71719 A3 Ve WHoR O AL He o &
SH IS g of ookt EokE EE i

2 W1ed 2UEY 2ot 7P FEA E8EL

= 2

A= Eoks 5249 = (speleothem)& E-8-3F A|47] 117
FEYRrE Ut s T HIlE &
Py

L8 4= Q= thE A Q] 117])% 7] EE(paleoclimate archive)
24, I 38k 712)7F Ad =4 bzt A AlA A e A
23] A=E o] gti(e.g., Fleitmann et al., 2003; Wang
et al., 2008; Lachniet, 2009; Jo et al., 2014). £3], &2
AE AdSAHE Y EET A Ak E g E 9l da
B|(6"°0, 6°C) T2 n|Fh 24 5 thIRE ZEA|(proxy)
£A4o] 7hssiths AHER Aol T ES 2= %
b T1E)al A A wsker 42 7S 9 gk ¥
S5 A71HLE B4 5 e YT 7IEEE A
Al ek AT IR HER ZEA] 7|EE
2|3 2 o) ¥iste} A B Wl ] 7] 27of| ofsf uh
e Ao]7] wizoll, Bt A= Sl siAe SlsiAl=

oN

Mo & 4

2 YR 712, AEE, CO, 5= Hskele] A 5
Y7133 k2 olset o] aFErke.g, Spotl e
al., 2005; Breitenbach et al., 2015). AA| 2, L 1a)A;
T 5= W71E BUEY d4e ‘e S oAtk o
Hohop ek AR o e 2 el ol B
< 37t F asithe & BojF3itke.g., Banner et al.,
2007; Oster et al., 2012; Suric et al., 2018; Lyu et al., 2020).

= 718 ZUHZE AEA ] A SHANE F
A% HRE AlF3t o8 Eof, F2F Ul Ro A7
Ao A WA St AR A 7IAZA, = W79 &
A% R Fo] WSS B A AR, ¢S EF, E5
23 22 Seshy AR A7 50 AR TEH v}
Qlth(e.g., Briestensky ef al., 2011; Gregori¢ et al., 2011).
2T AN E 21 ARZY PRo =S ZUEH
sto] §58he oIS AESH, ol2t gAt v ¥
s} 2 £57 A2la} Ak 202 S B IHon
and Kim, 2015). 3145t £2 7] %9] 2?Rn L5 o]9}
22 oMIEA 27t Y &F 9ol LRkl AEA W
Aoy 5= 37|(cave ventilation)o]] 23t 112tA - H
7S 4= Qo webA 2 B8 BRUE P A=
o) 37159 ZHE A7 5 AL B AT 38
A& Alxrstr] K13 AA 240l & 4= ik 3, §
= 7|12 o] Hsks A1 9 sk fAF BED ShE-
ZolE 03 042 FEIT JEHOD T2 o
7] CO, T=9 AE ¥s2 =59 ekt 23} A
(saturation state of calcium carbonate)o]] F3FS Fo] =
320 P91} 8alagol AdA o2 dAAd #utop et
(Cai et al., 2011; Duan et al., 2012), A AAH o2 117
3H 712 E A= F= W o B3] Ar| A HEA
o)| = FFL u|ZthSanchez-Moral ef al., 1999; Peyraube
et al., 2018).

o|AY &2 71¥HE BUE PO duh= Rt &oF
oA ZHA S&H Jlow, Qo= HE A+Xn
AT lmehe 7|vke 2 24 A3 B o] Pk
ey E|o] Weka NEE o]Foiglth. o] wal| oA
£ 2 WA 27 B FHEE B4 2k} o) T
7] 8 i o)) Shuo] T A7} wok, Bt &
Zgo] dojd d S W Hao] BFE gHA7F ISl
Jo= Eeta S s w7|1ed Aqte AR 24
S3 glon, ek A7 Eg S0 waAel
=To] ¥R &1 ¢ltie.g., Oh and Kim, 2015; Kim and
Jo, 2020), § Lol ol HslorEai S5l
Al 7] B E BYEHYC] AleEE § 7319 =Y
o] ZHE|T gl ofeist HThs F ) 52 o7l
AT TS ol F Fa%t 7nte] E Ao 2 7diHt



S= 128 U0 T2 22 A2 &

2 =BolME s t718d 2UEPY daidat @
A7 &) & ofsfshal, g 71878 2] LRkl
5747 2 s} wAYFel sl A skl sl E
gL &2 W71 ZUEE AErt wfieldes 28d
wopd AFIE e 2N g =Y T2 18R 2
YEI 2ol Bach a8 ARFSS AABHLA sHT. o]
=BoM e A AR R BESHL 9l 5= t718
& g s B st AU S| wil-p 2tk 4
& 13t 71, AdisE, $45 5, CO,, P Ro, Hg
(CHy) 5 Xt} A A9 52 7] 3¢°ﬂ A= 73l

s 7182 dubH o s A& off oA ol F4
H g ste= "J*—!% —’F UAR, A 2= 27
A &H 02 wFSh= HFE] oIt (1H 1). 1 5
M T2 A7 22 A AF o vls) aqfro|x|wt
7V 83 QR di7|ege] AolH, ol BAR &
At ofluA] &9 Adgho] TR Bif EA A=

OI-
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0

YTZRE = m o|HollN FH3] s, YRS Al
3t F= WHollA= A= AEl7F A14Ethe.g., Behrendt
et al., 2020). 2|} 0|2zt efof BAl A% 29 27
2 4719 £4 52 YA ¢ 53l HRHH o= FF
& 2 4 9lek. B2 ek FUE(plan view) AolA
ARG B R AN 2), 22, vl=d 5 okt
ZA g9 Bt S (profile view)d T H(cross-
section)o A= T= Y& 7] =o2 %’—]"} ol = T}
2r =y g8
thele] HRel ROl Q7Y B 71EY Fo
—?—E—%ﬂ-(Palmer 1991; Palmer, 2007). o] 2]t 324 &7t
2= 3719 #d7HuiE A=, 2] 99, 0] E4e4
«l BEE 243 34 aao|th uEhA 2 7|2
HUE P Az o2t 52 29 FHY 37 &5
o] TS Astele waTety BAolx ALE
gk 4= Sl
S 710l digt 20417] 2ER| 9] 71E2L F2
71 4 7] §3} 5ol et YAF oA Al 7]z
A= tHe.g., Hovey, 1900; Martel, 1900). 3}X|2F 204
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Fig. 1. Conceptual diagram illustrating the transfer of external climate signals into cave environments via speleothems (From
Fairchild and Baker, 2012). Abbreviations: North Atlantic Deep Water (NADW), Southern Oscillation Index (SOI), North Atlantic

Oscillation (NAO).



336 e

7] S o] RE = 71, 719, 712, AdisE, CO, 5
gt AFE SAo| 7hssiAEA F= W di7|7F 27
144 2210] wje} Aj7b4.0 2 wskaichs <l4o] SAtE]]
AR A€ S, Conn (1966)2] A-lA= 25 7]
o ¥t wet s W2 3717 FAEAY HiEEe
T2 &) ol AAEHLeH, de o] olEs
a5op | FITH 45 2 2 A B719 0) B
A A RS Sl oI5 5 W] A o
o= Argsty] ‘1‘]6]' Hdlo] AAE A, AA| 5 S5

o) lEHoR o 2H guct WH = A9/t EAlchs
AP o] B EITh(Wigley, 1967). o] 9+ Adt= 52 &
Y(parent rock)9] T34 5 x]xhﬂz-] E4E5 13
ok & AIAFS}H, F20| Thed] Hlo] 9l B B0l 0

(

-

\I

F

-

U 52 T BeH0R 45 485 BAAUS B
A sieh
19709 eol= 52 t7] 3 CO, S=9} 71 7]8e]] i3t

o] EolA7] Al o, =2 B U f7]&E &l

£ AETE 7|99 CO, 3J fAlol o3t 52 i+
& =HIAHUS thigh dgo] 2202 o]Fo 5tk Atkinson,
1977). o] A+ A= o|F FIWAEE A% 8 117)
T AR A2 CO, FFE AFHOE olgfjsl= b
0|27 7|uto] E|¢] o m(e.g., Fairchild et al., 2006), T3

T2 7187 BUERA CO, 70| F235HA thFof

A= ZAZS vEFLh 1980d oll= Bl HEsty 23
o] T3t ATFE T3l B2 71 tigh Al I A
ol BR1E7] A& 1 =2, SFeF CCLF,9F 22
7|4 & H(trace gas)E ©]-8-5t] F= WF tf7] W=
atolof| &gt 27| AU Fo] 712 ERIE| ) S (De Freitas
et al., 1982), B2 tf7]7} AAE 1742 AL CO,9] 23]
A Fk Fuj7E 2R 5 doks AME FIE QITHEK
and Gewelt, 1985). £3], 2521 ¢etu|zH Altamira) 5=

A +3E T2 U718 ZUEH A= CO, E *Rn
B 181 7|2 H3E AT vty F2 3] AAE
S A AL, o8 B3l AR I Al719F TS
4= A A3t v} Qlth(Fernandez et al., 1986). o] A2 4
= FASEA] Nature’ o] A= 52 7|8 A+
o a4 9 NUESFAE BHEO &g AHE BAFS
ok 1990 o] 0] &2 t7187E BUEHH2 e
oA TFA 9 Egel M 7| F Hstel FZALE F
5 A4l it Gl 55171 ARt Dragovich
and Grose (1990)= #3452 #4SE 52 07| CO,
7re] A E A o= #5142, Baker and Genty
(1998)= #H7 350 w2 1% =9 B tj7] % CO,

7} F2ae] 3heh 2/ wistel 9FE vE Bk ot 5
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Fig. 2. Cave map of Neobaeng-i Cave illustrating its overall morphological structure (From Kwon et al., 2023). (a) Projected

plan view. (b) Projected profile view and passage cross-section.
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[e]
=

o
=

=2AEEY ol BAT = e st AA
=, Sanchez-Moral et al. (1999)2 A#|9] ¢Elu|E 5=
ol W 9 FRAHES TSR HaH @ ofelmit
o|E AA o] uAsHA F-A E= F4s AR oA
2 RISt ofof tfet Q1o = A=t T2 HHEHA &
A& FAI

20003 djo] S, = W7ed EYEHPS L=
B B A o] e} 17 e g
75 Bz 5= 7] WAYESY 2ol e
35 AF0HE FEolN o AR FEshe
SASHITHIE 3). o] A7) Eot 47 Ane| 3
2 3719] W3 4719 1 AZ1S shefshan, 1 Axka
s 52 W71 5 CO: & W3t 529 CO, f&
2 §(degassing), W AT el AT WA o
e W njFda A nA = FFS AFE L=
olafizl= A o|tie.g., Frisia ef al., 2011; Oster et al., 2012;
Lyu et al., 2020). & S°i, AHAE 7|2 H3pr} F3iet
A9E FHoE Rt AFA 52 = Udf, ALE
dides B2 Co, v oF 37|17 52 W= &
AEWA FE49] €O, felztgo] ZTEo] BAHe)
szstEst 2ok 2 o) SAE WA W SrCa,
$C, 80 5 A3ket 20X e AYH WS} elo]
F=H= o] B A H(Spotl er al., 2005; Mattey et
al, 2010), 3%, oS WATel ALY 2UEPS 5
o 5olle AAEl A< 09l 7L, 7He~Foll 7} &
= gigo] #HE o H(Banner et al., 2007), o|= L5

a

2000 2001

Xl

XI5
E=pleS

=3¢
So

28 A A7 337

7139 AAAo] = FNE FEAA = H7] CO, &
T2 &% CO, & 283t = s o= o]of3l
THCai et al., 2011; Duan et al., 2012).

E3H 20009 S0 £3E FH e = Y
HE2 52 U719 378 EE8S A5H s g5t
71%= 8tttk A& S0, oFY WM E Ballynamintra g2 ]| A
Y ds T2 WY CO, 755 LS =R %
| kol st S8 =H, It IE CO,
=5 ZASIE tHBaldini et al., 2006). £3], 52 4
w4 F vAIRE Bo] EAfsh= AHeAE CO, T
1,720 ppm)7} =4 YehuH, 52 370 SHR= Z
Fr7h AR 3 A== B F 1,230 ppm)o] BEE
ATHIE 4). o= &Y oA 9 SAGoIY Td< B+t

= Z&3h= bl olA e FHS Ak, SR
of & 7] A& #329 ZfolE BT BYEHY A
QXS BZAFHTHCowan ef al., 2013). o]t F7H4
FYE CO, BE FEE & 52 ZUEPSE 9o,
E4 77 Wi CO, Z3I2 Q13 T2 EY &8l 7Hs4
(Sanchez-Moral et al., 1999), § Yo7} WFFZo A A+
AlZE Aot TEA 52 w9 A7k vjE 5= e
A 7R 2BH O 2 olsffsh= b 8T IAE
A|-5-gFcHFernandez-Cortes et al., 2006).

20209 o]% 7P 19 e A7l 1
o Hust 7] mUEo] B2 ATolH Aoht 2y
488 4 ALAE T RojET). YxAo] AT 47
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Fig. 3. Relationship between cave-air pCO, and the stable carbon isotopic composition (6"°C) of CO, at three sites within the
RBO (Rassl-Bumslucke-O2J) cave system in Austria, highlighting pronounced seasonal variations (From Spétl ez al., 2005).
Gray horizontal bars mark periods of winter circulation, when air was drawn through the entrance into the cave.
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4C o] gojulet st Aol Uehtom(aY 5), ol AT AT TIAE 71 25 B 52 YRR
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Fig. 4. Contour plots of pCO, values (ppm) at cross-sections of passages in Ballynamintra Cave, Ireland, all using the same contour
interval of 50 ppm (From Baldini ez al., 2006). Arrows indicate the inferred direction of CO, flux, from zones of higher to lower
pCO,, with arrow size schematically reflecting the gradient strength.
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Fig. 5. Long-term (2000-2020) time series of cave-air temperatures recorded in four Alpine caves: Rasslsystem (RS),
Spannagelhdhle (SP), and Hundsalm Eis- und Tropfsteinhdhle (HA) in the Austrian Alps, and Schrattenhdhle (SH) in the Swiss
Alps (From Obleitner et al., 2024). SP-PL = Porzellanladen passage; HA-JG = Jugendgang passage; RS-PH = Perlenhalle chamber;
SH-WK = Windkluft section.



S= 128 BUBEY T

3 sl o me) RS B fiTt FaT BEA
7} 8 4 22 AJARSHHe.g., Badino, 2004). ©] Qo=
A HAE FFAE o183t A7) F5-3F ZUETP 4
TE &3l 5= W EolUA L EE AG g of| gt ofsh
£ 371, 52 ] WAUESS o AlEsHA si4lst
= ukgko 2ol ik o] X)<&E] 11 Itk Pastore ef al., 2024).

3. S= MII2B0 ZERAL 2| HAHUS

3.1. 8= IAE9 FR £HRAL

5= H71ed BUERY 8 SH a2 72, A
FE d71oh 71FEF 2 F8), COy, R, CHy, AR2(0,),
U4IEEHA(CO), F3lra(HaS), dlo2E, vAl-ZrAH
A 52 & 4 9loH(e.g., Galdenzi et al., 2008; Fairchild
and Baker, 2012; Behrendt ef al., 2020; Salmon et al., 2020,
Miler et al., 2024), 0|5 Z7| th2 AL B2 £= A8-7
ool wet AgA o g HEH o] FoAE 7|2, A
Y, €O, PR 52 t718 A7) a4 24 X
E2A, BBAAE ATV 14, 413 714 77 L 7
A 27 AT, TUEE U 2% F4 e W VI 9]
o 929, SRS 27 B7} 5t HopolA] Zy
Al 8= Qltie.g., Dreybrodt, 2012; Kukuljan ef al.,
2021)

9 SH 5L AE 7| A= TSE= gyt
Al @aso|A, FIolghs 24 E/dT) vl
3ZF EACE Qe 11 §ig} ofdo] A o= EAFoR
=2 yepdtt 7123 Adis=9] B9, A& A
= duxt 9 AE Hsle] w2t 543 Hed 5= AL
EF WRoIAE F 7150 vlsl $Fd SHAE Kol
+= Ao| dukdo|ti(Cigna, 2002; James ef al., 2015). =,
2 R 712 20| A5k A9 ABt 7|2
FEsta, AdEEs 487 A2 A9S AYshd 90% W
Qo] ¢ & TES 9F TRk S At o=
FFURY 717t A o2 R 2RE fYEE ES
Zhal st Ete 7| A EE A T2 52 2 5
gt FaF= 7] wiZolth(Lauritzen, 2019). S| o] 2]
gt 7120 AdEE GAl 529 T, 7Y FEU 94
a3 Wi F29 o wet A H oz £33 §gt
7} el = St e.g., Wigley and Brown, 1976; Baldini
et al., 2006).

2320 g9 A COr= T2 A 2F, ES 771
= &3, tf7] % 5ol o8 228E, tf7] $2= Hu
2 w2 A SAkE A -2 uEte] 79 F 20 ppm o] <
oA &A% AE W3S HTHNIMS, 2025). o] ®F
3 T2l 2= AR AR EYY 3528 o T

Lotd &2 AHQt 5 St 339

AT CO7H 52 Y, 42 (conduin S EFT A2 B2,
Boh ) 33 8 93 5 oY 428 59 52 URE T
= H(Atkinson, 1977; Baldini et al., 2006; Lyu et al.,
2020), o|&jo|= Al Z3t 5E9 EYolv = F
2 gz o Uy Yo gt 5=t A S84 5
tHe.g., Dragovich and Grose, 1990; Lifian et al., 2018).
Ra 94 ] $-2Hse] Q414 Balo] olal WS 1
A A Yz A, 2 S A= 7] F Z4E R 34
ofl 2J3l] 10 Bg/m® 0]5}ke] -9 Wil AT =g A5}
A 9He.g., Kim et al., 2014), 52 Yo A= detd o 2 t}
4 &3, 37 Jreof weh~7,120 Bg/m® o}4Fe] = &
Z o] o]folx|= & EAgtcH(Lario er al., 2005). &
3], *’Rn2 CO,9H= 2], AYA 7H4do] A9 gl <
gh 2 7o BEAEA, T2 t7ee W A7
of RIZsHA HhStE R B2 e o n7|¥ H3E
Br7pek= ) uf$- 883t} (e.g., Kowalczk and Froelich,
2010).

3.2. = &I HAHUE

2 7184 SS9 ATHE Wil 52 W9
53719 &8 A DR duEH, ol 2 &£
2 52 7] vIAYZo| s 2Pt o] T2 &)
HAYES 95 715 27, 539 47 A, - 529
715k 2, a3 2 24 Tl g 4R, 2
A o Al 7HA ez & o Sl

A AR 7382 F AH Ato]9 712 Zpolof| sl WA=
W HAUZLEA, 7|2 Zol= Z A2 TE F 37
Fol2](air mass)9] Y Zpo|= vpehtal oo} WA
= gFao] 7Y F8 58S AT dtiad
6). o]t 7] HIAYSE A< thF(natural convection)
o} 2% d K chimney effect)2 Al 4= ItH(Fairchild
and Baker, 2012). 1A A thf{ie= AR} 51 B2 A}
09| 2% Fufjof| oJaf A5 &2 51 7177 sk A
o2 olfF YR 352 52 YFE ST YR T &
g F= = 449 4 Ak ol ¥l =5 A=
AR 719 T 22 Hoj= &0l 7HsEt B0l
EA5ke A sk aNg, £2 53 WiEde ¢
FoAe] 712 M3t 8 & AlFshe 3otk 1
U o] T {FFL2 71 Zfolof ol f-=H Y= 2fo|7t 1
Aol 38T A 52 FHANA F @l F
FEo] WA 4 olrk ol A 1 AAH 7o) uj$- of
Hl= EXJo] Qlth(e.g., Fairchild and Baker, 2012; Lauritzen,
2019). A Aven D’Orgnac F=1} 1= Carlsbad 5=
9] Big Roomo| &} o A3 9] 4]l ajo]w(Wilkening
and Watkins, 1976; Bourges et al., 2006; Killing-Heinze
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et al., 2017), FAHE=2] Waitomo Glowworm =2 =
£ g3}9] t) & Alg|o]th(De Freitas et al., 1982). E3t, @
2Ego} Obir 329 AHoM= 25 a1 5 FH &
HUA| o= wlA] gl ot &7] A|2jlE AFgH o
BHAAZFEUTHSpétl et al., 2005). ZI}F 02 7|2 x}o]o] 7|
e AA ti 7 D 25 8= 52 W B7] 249 Alet
A HEAde 283 = A adlolw, el A 22
A 3fetd e Z3ste] =2 W 3718 © HEAY A
o= AAZAR G v 5= k. 539, o] 739 F
= 7| AUESS AEA 7| WPt dddes & F
ofAlo} 2|9 9l =X = &3] WAE 5= s AL
Z(James et al., 2015; Kim and Jo, 2020), Ad7|1dE<]
G =5 eE ¥ I E 5 Zol dFdd HES
F71E ST F$ 7€ A 52 7] A" Fgt
P v 5 ks M4 FE5 wsit

T2 7| WAUEZY F 9A 532 71y 2ol ozt
Ao 2 YutA © = ‘T $5(cave breathing)’ O 2 &
HthWigley, 1967, Pflitsch et al., 2010). o] 532 25
t71ke] #ste] w2t F= Wi 3717 ¢+ 5H e Bk
sheA 22 A2 Ba 19 G20l wAshs @y
olck 2, B2 2 oylo] ula) Ak o2 AR A

= 7HA7] w2l & di7Igte] AAHA st
S -, W ti719ke] e g siask] Slsh
= YHEE AR 4 W 39S BR 37] wEo]
F=EHH 7). ol9h 22 wAYE Wigley (1967)]]
ot &) Hd= AyHglon, 5232 9% FE= 7t
gt FRoA LR 7| HEE(dP/d) T} 52 W AF
(V)o] 37] =% £ =(PUA; P, mean air pressure; U, mean
air velocity; A, volume of the cavity)o]] T]*X|= G 1
Y A o2 BASIATHEG. 1).

PUA=V - (dP/dt) (Eq. 1)

o714 PUAL: 7 TS B 3719 B 4%
9l £&(m's), Ve 52 UE AF(m’), dP/dt= A7 2
SJ% oj7]3k MFE(Pais)S LiERTE o] 412 ik A
X V7l 252 oE WS S5k 3t 87 olEol
otk Ak 7 7|9 HIE(dP/dt)o] 245 37]
sgo] WaATE A Ao mET) U4 A
22X 53 G Nullarbor Plain X9 2] HZEo0] tJF3]0]
TH(Fairchild and Baker, 2012). ©] A|g ZZ& AlEof gF

£ A2 E(calerete) 20| B YT, FRA= Fl2rE

(a)dry season night
ATCH-VlIlage positive (Tcave >Tsurface)

Air enters cave & adds CO,
CO,increases

(b) dry season day
<T,

A-I-CH-Vlllage neQative (T suvface)

cave

stagnant air, cold air lake
CO,is absorbed & decreases

(c)wet season night
ATCH-wHage small (Tcave = Tsurface)

Active air flow due to river
CO, high due to bioactivity

(d) wet season day
T

ATCH-wIIage increases (T, surface)

cave <
Variable airflow (river + AT)
CO, high due to bioactivity

Fig. 6. Seasonal and diurnal ventilation patterns in Mawmluh Cave, NE India (From Breitenbach et al., 2015). (a) Dry-season
night: warmer cave air exits via the upper entrance (chimney effect), drawing in surface air and raising cave CO,. (b) Dry-season
day: cold cave air suppresses ventilation; cave CO, decreases through weathering and absorption. (c) Wet-season night: chimney
effect inhibited; strong river discharge pulls in surface air, with elevated CO; from soil, epikarst, and possibly river degassing,
often above atmospheric levels. cave air may also exit via the Goldfish Pond Doline (GPD). (d) Wet-season day: stagnant conditions
prevail, but river discharge sustains air inflow; cave CO, remains high with little to no airflow into the GPD due to small temperature
gradients. Abbreviations: cave entrance (CE), Hanging Gardens (HG), Candle Highway (CH).
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3HeE gAE Sl Y5k, HAe] Bl o A
FZ 72 = F AR di7]or AAE S Helrh
o|A Y Y7t AL R A F o] & T= T2 F 7]
o WSt v WA whgshe, ot BolA 2T
n]g] o]}o) WE 37| 50| U&7 = gt e.g., Pflitsch
et al., 2010). 2zt ATk §HsaE5 5 4Fe °l
oF FARSE AR A 21S 2SI Qo EE o] {7
9 F= ) AUSE ERIT F= U= 7IFEATT A
o2 ok

oA gl Al 1A wAYES ohert o F &893 2219
O3 &= BIAFA 27| AlAgolrh ti#A o2 g
£ & 3E(wind-induced flow)1} Eof 23t <~FHwater-in-
duced flow)& & 4= 9Jth(Fairchild and Baker, 2012). ©]
3 HAUSS A o2 @r]Fo|a E4F23 H3lE
=R 54 AQ 2= 83 52 &) 59
do= Age ¢ ok WA, viE f = 352 5= 4+
of &JFofA Rz ulgto] 3] ZgstHA A7|= 4 &
£ &9l 3717t 2 WRE =AY sEE= WA
Zolt}. o= #l =] (Bernoulli)&] H2of 7]Qtsto] A
o, 95 3719 7 £=(U) St wet 5= 4ol
B/dE= AU (Puing) Thah 2ol Hold 4= ITHEq. 2).

Pying= 0.5 pU? (Eq. 2)

o714 p= £719] FEo|tt. o] @ife] FEZX|= o

Lotd &2 AHQt 5 St 341

L zEkA Tgy) AP Q] Sainte-Catherine =22 5 4=
Q1o ™(Andrieux, 1969), ©]o] &}l Kowalczk and Froelich
(2010)2 Wiz2] FAIH(Venturi effect)] FIF2 A A3
ok H3Y 8= AV S SERE ST i S0 S
7¥skaL Qfego] fadts A4S R, = Y7t BasHA
23] A A9 o F di7] §Y B R 571 viEol
7hsre 4 ok

Fof 9J$t 5 E(water-induced flow)2 X3l §5 &
£ 52 ] 31 §ol sl waysle, 23t 37 Apelo)
nprE o] &gk S5 (coupled flow)} =-7]¢t W3} 9]
3t 5507 BG4~ Qltie.g., Cigna, 1968). LA 9]
Chauvet FZo|A= 749 = 54 5 A5k 9] 3P Al
2 WRY 37171 vyl @4do] TEE 2 I(Bourges
et al., 2014), ol= &2 W49 =] ¥-Fo] o= Fj
£ A5t AAAQ 37 EES =5t thEA AL
Z oA ZItH(Fairchild and Baker, 2012). |23t @42 &
1 37 7He] AT AES B8 ] MAYUES dEstE
2, 31y FFolu Zol vAet 2 AlLRY A= F
= W78 W3} s AS flsf aLeHofof gttt £, "l
T A 5% 5 S 71T duE AuAed ¥
7] 359 Q%o 2 A HIEA] agEojop g Fa o] gtk

3.3. 8= &J| MIALIZ *°Rn U CO,2| ST B3t
ShA Ao wiel o), F= U 7] A" 7124k

71917, S vkt

=9 1Y T TR =24 89

860

- 840

air flow {m/s)

inflow |
6 +————

{edy) ainssaid suaydsowye

Vg T A S G S S S B R e e e Sy
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Fig. 7. Time series of airflow direction and velocity at the Historic Entrance of Jewel Cave, South Dakota, along with air pressure
measured in the administration building at Jewel Cave NM, from 1-31 January 2005 using an ultrasonic anemometer (From Pflitsch

etal., 2010).
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ojsf| £33t o|=gt 2] Ao 93 5= w719 3
stxAJo] WglsHA Hid, 1 i EH<] 9|71 R} CO,
FEo|th PR 52 7t AlghE A9, 57 U
ILFER FAE 5 QU] ol 52 7] A=E st
= o|A}Ael A ER 7HEEtHe.g., Fernandez ef al., 1986).
52 U *PRn 5E9] A7to] wE Heh= A Bz ¢
2§ 7|fte 2 A9e 4= 9lon, *Rn 57t Eohe A
< = 37] wgeo] AriF o= W= S ofnjsh, vt
2 **Rn F=rt o Q5 o7 eke] Skt wEhg %]
AlgHA "} AE £, vl= FHAIZF Carlsbad F=2]l
M AL 52 3717F - wet PR FE=7F @A
3] ZHAsH= @Ato] = vl 9t Ahlstrand, 1980).

52 W t7] COr= thadt =2 -2 deH4 7|9S
7AW, BEY 471E 26l 2 By 28, s &, 9
HAE, g2 & COY 228, A5 de=RE Y
a4, WY &% FolA 7198 tHe.g., Atkinson, 1977,
Dragovich and Grose, 1990; Ek and Gewelt, 1985; Smith,
1999; Baldini et al., 2006). ©]XE COr= A|Z7HH 0 2 uff
9 0|82 FF B4L Bolw], TA| 2 o] 240
wet 1 5} 27 WEE

F2 Y €O, & PRn 5EE T3] T2 el
e A HFTte g ARER] gon, AARes o
A A58t 2 7] WAYE A ¥ etk 1
FANE t7] 35 AFH L= 557 A% A
A 5 3P| IR 7R (virtual temperature, 7)) 7|8

Temperature
Difference
seo g ™ (AT,
15°+
12°-15°
9-12°
6°-9°
3°-6°
0°-3°C

5

— e

o)7] 2= AR OJtHEq. 3; Kowalczk and Froelich, 2010).

P

Cir = R X T, (Eq. 3)

719 Wx(p,, )= 7| (barometric pressure, P)a} o]
A7) 414 (universal gas constant, £,) 12]1 72 =5 0]
g3fo] 7 5= glow, o714 FhEEL Bq. 49] 7)&(air
temperature, T), ©]&3(dew point, 7)) I3 t7](P)
o] W45 o] gs}o] A 4= ek

7.5%x T,

6.11x 10777 T ) (Eq. 4)
P

T, = (7T+273.15)/(1—(0.379 x

o|9} 72 o] 27 w7 ol <J5HH, CO, E *Rn FE)
A-DA H3l EAL 53] SH% T2l SAlsHA w3
g 7F5A 0] Etie.g., James et al., 2015). 1 o] = £
T A= AT ALY 7|2 Atol7t £t i
ot 1E 8). &, ALH= Y& 7|0 Y 4=t =
7] W&ol 3 717 52 522 74 7IFE =5
=12 A5l = T W] 2 o|FA HHA AL &71-
o5 A2 AEA S T35 Yepdthe.g., Breiten-
bach et al., 2015). o]= Q& F7|9] &% o oz} CO, Y
Rn & 5 52 U di7] 240 A wslshs A&

Fig. 8. Global map of temperature differences (ATy,) derived from meteorological data (1980-2010) for cave regions, representing
seasonal cave-surface air density contrasts that drive ventilation (From James et al., 2015). Higher AT,, values indicate greater
potential for seasonal stagnation and CO, accumulation, which may reduce calcite growth.
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o= F2dr

4. 5= 128 DLIHEO 22 At

4.1. H47| 10|=-0&td A3 20F

A oA WAsH= 714 " 7|5 sk Aok E =
T 79, B t719] gt Yax(drip water) §9Y, 5= &
7] & o AR HRE Sl 2 WRE AgEh
FIAANEL B Y T2 v7|Fe ek 210
ZSHA WSk, 4bas W gAY 24, v
Ha 24, A% 72 9 g FE 22 FolA Y mlAE
Halz A ;oA HAE 7| $HBLE 7551 "t ]9}
22 54 2o 5282 A7) 7|5 HIkE A
S 54 4= Q= di#FHR] 17| % 71EEE AL
=g

F2RAAE WAE A 7% 715 BESHA sS4
517] fsiAe F2EE A IS v 2E
Ao} AA| Qo] WAYTE 1719 T2 7 20S &
AR o= ofgafof gttt X Aol EH F=2 o] CO,
=9 AEA M3 Y4 Ui CO, Fe3H83 248 &
Abd0] 3T S| 3, AEAQ] g A Al
AL AARItR= A1} B = QitKe.g., Banner et al., 2007,
Cai et al., 2012; James et al., 2015; Riechelmann et al., 2019;
Borsato et al., 2024). 9|& &©], Banner et al. (2007)2 0]=+
BAAZE9] Inner Space Cavern, Caverns of Sonora, Natural
Bridge Caverns g2 |A W34 A At 52 CO, &
& BT A, WelA Ao ALF AFEHL A5
Hofl= A Y TASHA] G=the S ZRAIFKHIH 9). ©]
gt T2 t7] CO, 5= ARAYL 5288 E 3% Al
715 23 A4 adloly, AF fAR ARES 7
gt 7]1E SiA WA Y A ETF Badhks AASHAT EiL,
FF 7N7F e o) o] FoiR|R] Z3f 7] 5 CO7F 2L
TR FAE A, F28EY A7 A3 (annual growth

0 5
E 85
S 2000 =
=2 6
o Q
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O 45
T 6000 2
.(TG 29”;
q) —*
> 8000 0>
O a
S o
& 2

Cave-air PCO2 (ppm)
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band) T} 4Jo] o271k Hlo] WAlElo] 4]
A E 4B 7K Shen et al., 2013) M= 5 Arhafal o] ©
75 1S 5 =70 SRR

FIAANE ST Ye 2AY oM E T2
o193 B e elulst Fasi dald 4 Sk
529] §ER7eA 67C (67Cpic) g2 ARE 44 S5t
B9k 550 ulg} sl (Frisia ef al., 2011), E9F CO,
of §1C sl B34 9 A PajHe) 6°C g2 ol
Hol= RS 315t tHe.g., Meyer et al., 2014). THH,
Mg/Ca, Sr/Ca} b8 US4 2L 94 Aatg,
=& (drip rate), BAMY BE A 5 ot 8 a9l
wiedst 4= Qltk(e.g., Fairchild ef al., 2000; Tooth and Fairchild,
2003; Treble ef al., 2015). 052 A18Y WA 228 (prior
calcite precipitation, PCP)T} = W3] AL 4= 9loH,
PCP A o= 52 tf7] CO, 5%} 27| WA US
3 A F-Ft(Wong et al., 2011).

9ot Zol F= ti7|1eE o] A BUE S Al47] 127]
5 22A9) 7|2 I 52 Hh7] 20| oA 2§
& SHeAjol oigt Az ARE Aen, W5 2=
Hersiel 2AE vleIE 4 ook olg B9 4% 715
34 W3t 4T Abo| o] A A7t Rpo], 117]5 WS-
X] 715 71 Holgi $=, Al A TIE S A 5
of2] SO HAA A=E AR Aot e.g., McDermott,
2004). 53], oA = AU §Ud T3S e
2 4%, B0 S U S2ANES 98T A7 B
4}5] o]F0ix| 1 gl om(e.g., Kim and Jo, 2025), o] & &
3 719 st A0} ZEA) 715 k] AR o
= A=7F e Qe o 23t At B t7IeE B
Vel A=) AgrEne, S2A4 g 47 dAUED)
Asjete WEE Shs o] Faw 2AS AR But
ohek, T} 171F ZRA AT HeSlet WEBE of
BT Ss AR 7dEch

[l wE >~

d
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Fig. 9. Time series showing the inverse relationship between cave-air pCO, and modern speleothem plate calcite growth rates
at two monitoring sites in Inner Space Cavern, Texas: ISST (shallower site) and ISLM (deeper site) (From Banner et al., 2007).
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4.2. TIZ 7121 J14 23 20t
52 t7] 2UEl Z1&e) Wi i—ﬂ bz A7) B2

(sink)2 ?F%‘ Sh= ‘?‘i:vli o]ojx]7| &= OI'ME]—~ HEAQ S
& At F stUE, A3 52 th7] CHy Q7oA = A5
3 CH, '5120) 319 71 Qo] BIH9Lom (e g, Waring
etal., 2017), 472 o= 2 A 5t =71 A9
‘0’9 77 R)7| = StHTH Mattey et al., 2013). o]&3t =
2 7] CH, 550) T3 2ot 2 ded e
9] AkSl(methanotrophic bacterial oxidation)o] 7]Q16k= %
o2 HHERon, olg F9) CHl 71 0E FEE 5 9
Atk AN, 3] F=0] th7] T CH.2l A SHe
2 283 7F AL AN, ol A AT 2AA

Z=7)(global greenhouse gas budget) B7}o| = Z Q35+ AJAL
A& AlF8lth(e.g., Fernandez-Cortes et al., 2015).

#Rn RUEHE 52 tf7] AelA 7P Fadt 35
T S=, o8 ARE A3 S22 7Hs/dol
23] A)7)1=o] YrHe.g., Cigna, 2005). E Al A= A
1w 47 £2 7] F PR St 3248 ol
FAo] T2 vl 9lod(e.g., Omori ef al., 2021), L1t
ol HE H olo] sfkshe AT ARt waEs)E
A THOh and Kim, 2015). o]oj] w2 H, L2+ AF5=Z]
A= A 20119 29 @ASE UE Tohoku-Oki (M9.0) T
A\ 710l QA w1 AT 0 2 22 PRnxt *Rn7t HEEH A
tHZ™ 10). ©] AF A= *Rn~*Rn2] BYE|Ho| A
46 52 8] 283} A3 B ASE PR T 48
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Fig. 10. Monitoring results of “*?Rn and ?’Rn activities in Seongryu Cave, South Korea, from May 2010 to June 2011 in relation
to the 2011 Tohoku-Oki earthquake (From Oh and Kim, 2015). Panels show: (a) hourly variations of 222Rn, (b) 4-hour averaged
variations of °Rn, (c) air temperatures inside and outside the cave, and (d) seismic energy of M > 6.0 earthquakes in Japan and
Malaysia, with distances from the monitoring site given in parentheses. Seasonal means and mean + 20 values are indicated in
(a) and (b). Due to the lack of precise calibration, *°Rn activities are shown in arbitrary units.
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T 4 e AABEE A, WA X7 d57)e
o 2§ F54 S RojEet.

4.3. QLU HE G S H0F

T2 7 HE R T A% A ARALOZ A & F
of wjaf iy oz eHgt n|7|$ 21S RISk A5t
SR, F HH o g JE a2 E F90l
= Q191A 2l 93 s= di7|gHd el S8% HEol
A o ik BEAL YA SAlo EE5 F8l CO,
£ &S, S50l WE A L2 QlF 52 R
7123 g ol 92 PIXA Etke.g., Dragovich and
Grose, 1990). of7]of| =78 A& 7F&3HA =W 544 €
Yol F7Elo] F= d7|eEL B BT HAleE W
3sHA "ok webA B2 $29 et £ S=olA
O T 52 52 | Aol AAE 2k FAIZE
o] 24 &2 %%=9] CO, © *Rn7} FA]=7] %= gk Song
et al., 2000). E3F, 0|2} Z-2 CO, &5 =422 7]
Foo] rEH A =Tt 2 AT E At =4
= FHY nAe A U 5 it o] HE sk A}
A4 n)7]% HEits FHsHA A9FeR RiEREER,
A @ 13 FSRARS] B o] Fiet g 2¢lo] Hrt

o|¢} ZE A2 AlA 29 t#A TFE2olA
HrkE2 A o 2 2 9l | v E|Qit) ol & £, Sanchez-Moral
et al. (1999)2 =2 1off B3t {3 25Q19] L
2t F2olA TEZ F9ol et s Wi 7123 COo: 5
E7t SZA Q1 S Wgton, o] ¥} HEo] YA

Lok 22 AQ 8 S8 345

¢ IS F= 2] TSI o] Ao =W, o
T2 9] A H E<lof QA= Bt 7]20] <k 0.25C 4
S8+l CO, k= 9F 500 ppm F7130H, oo wheh
At el thgt 88lk-s H&=rt A 27 vl Xt
T8ui71A] F7Iet Ao 2 BAE G o|HE A= QIS
T T2 19779 T SYo] AW FAIEH e, o
T B3H F= t7|ed BUE P 7INe R ARk
Z A o] =5 RitHe.g., Fernandez et al., 1986; Sainz
et al., 2018). Fernandez ef al. (1986)°] 2J3}H, AH|Ql &
o2t 529 AR 52 WSS dF B HolH,
53] 543t 119e] HAA|, AFHe]| 1A E 7|55kt
S A7 B2 U] CO, 529} Rn HE ARG 0} 43
T2 W9 A7 FHH R Frstglon, ol &
2 o454 AR 7|E Y dE7Fs d9E 43 ~ 80 e
2 A Akt ol2fgt Al W 8 A 4HEE 9
3 52 71878 ZUE o] BpAYS AFH R Ho
<ot

ZFA 0] gAF(Lascaux) 204 = GA| Qg2
wH o= ) ndEo] Al Halof A5t =3l
o, A4 H3o} F|4o] WA A (e.g., Houillon ef al.,
2017), XA&AQ 52 T AR 2= & wdjeof 0|2
Ft} Houillon ef al. (2017) &t23 5= t)7]9] CO, Y
ee TeER 24T A5 52 ) /et el 2
Al ojs) o2 710 AR G wstel, A
Q. 7|28 3}of| wE = 717 LAYste] AE AL CO,
T W AT AGSHRTHIE 11). o] o=
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Fig. 11. Spatial distribution of cave-air CO; partial pressure in Lascaux Cave during three periods, representing stratified (a, c)
and convective (b) conditions (From Houillon et al., 2017). Contour maps were generated using inverse distance weighted inter-
polation of monthly averages derived from minute-resolution records collected by 11 fixed sensors.
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A 72] Cisaiskd FZol| A= 52 8719 of fof @2 CO,
= AIE A% Ay}, B AR Al 52 U COox 5
Z7F Ssete] Wl A 24 WS 5 S0l
gl ti(Faimon et al., 2006). o] d3t= HF 5O
2 QIFF 194 CO, #T A A B2 &7] Abel9 &
w30l A&E A9 e o g8l T P A5kt £
Hoha e Aasigleh 53, o422 10079 I
Zjo] B4 FItol|l Al 1417 o) ME-S 739, W4 B4
219 YAXNE 23 = Qlvh= 2E T8 oE dd
I AT AlgEe] e B 71 249 D adS At ut

Uk
webA IF-sEol A= AR A 718 ZUEH
8 CO, =9 dAA F4, 7|2, AHE=Y 54
95

g uhgo® B Heke SYsjor ek thEAe Bl
ozt o Q19 AR, T A7 2%, BT A
ol itk AAI2 COVID-19 #H9j o= glsf U7
Fo] B7IRE AL W, A el oh7183

o] ghol ]9l 0w (e.g., Lharti ef al., 2025), 0] B3
B 94y vla BE 918 F88 |24EE
A=), Slok 2ol $2 718 BUHHL T 7
2 5E dol, B FAORA] 52 P FRYHE B
22 919 BotA 2AZ ATHE W =72 e,
A47bst BUEE 299 A 2402 FYHT 9)
o B3, eiueks Hsieh HET SUE 2ol thyshA
w5t glom, AR} B BAoE BgE T 9] o)
o, 3 oleidt BEEC] AU HUHS Aty
7129 17)% B9 AT ohet SHE mUHY, B
) 5 ARG BE X B2 Bgo] 15T 2
ofm, o= ) BUHY A2 %29 Waye U 43
sk,

o MY o oX X O (B o

MO o

Sl iy

4.4. 19| 20l MO 28

2 W78 2UEHY A7 R 9 B 3T 2
< 914 & BAolA o AFA] AAo) Bagt 7|z ARE
Alee 4= Atke.g., Cushing ef al., 2007; Hong et al., 2014,
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