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ABSTRACT  Studies on vulnerability of cultural heritage and adaptation strategy to worldwide climate change have been
actively carried out in advanced countries since the late 20th century, and this established a valid research methodology
and piled up climate and deterioration dataset in the field of climate change. Meanwhile, we still have tasks to acquire
related scientific data despite referencing political researches in Korea. Applying Korean future climate to impact
analysis, deterioration of Korean stone heritage is likely prospected to change into complexity in terms of physical,
chemical and biological weathering that may bring impacts on conservation business and administrative field of cultural
heritage. Further studies will ensure detailed implication of climate change impact on Korean stone heritage by means
of down-scaling analysis of areas to local scale and dataset frequency to an hour. It is important to sort out capability
and vulnerability of the stone heritage to future environment, and to make an adaption and prevention strategies.
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42 245 oiAE B 71 e B olgX o
A S& % 9k A 5047 AkIBl0} Ak o] A=
MR 2A7RAE 41913} o) o) 29hd BTk WA whE
S 2 AU E doy|a 93 Yo 2E A 100~
20017 1 o] X148 Ao]2} 1%H 11 glek(Solomon
et al., 2007; Korea Environmental Institute, 2010). 7]%
Asle Hg o2 AeA na), B3 A 74, A,
A, oA RE Sg g7 wuk ohjel shaEst
2 W, 3F, ofF, 24 5 AHRY) A Zopol Y mA
AR EAA gt £4E o8 Aoz dEEHI Yot
(Ministry of Strategy and Finance et al., 2015; Intergovern-
mental Panel on Climate Change, 2016).

Bohgat Hobw djglrh ohith. FA| AT S TetE
3}7]7HUNESCO)°l| wt=H NJA-FAR] #29) 23t /-4
O~15A171)2 HIisi 2 Y@ 2 1997 HH 1998
@ Afolo] Hde] 308(3,000 mm)o] Gk Z71 e
=) gulo] BT T Aaipele] FHT Ao 94
o] FUEUA 2 JAo et dFEE doxit
(UNESCO, 2007)(Figure 1A). #g} o} a} ogta]o} HjU
2GR FE 20417 o]F st Aol 7HEEE of
T 2R 9 Hae A o] At g E] AL ITh(UNESCO,
2007)(Figure 1B). APatstz Q1g 2a] o= & A
3 AARAR199013~2005d) o)l AFHUE 2 HEF
A2 ool Q19121 &t 4 TS E 20129 THA
‘el Ak AAFAY o2 SA = ATHWorld Heritage
Center, 2016). o] A9 19019~19964 F<F Het7]2

o 1.4C A5 ATL 18] Aol HAL AXAAL e
B AFB971 WASH: 5 71w usie duE Fae 4
F50] BATYT ol o zE e Ajutaiet we
135 7112 Aolgkar SHHUNESCO, 2007)(Figure 1C).

alefol BRl Lo AT A 571 0 Salsel
SANIE S71E MZgAbe] AT Asime o
HAHQ et 2312 Qo7 Ro|tk(Sabbioni ef al,
2012). 254 S} R4 AR A 24 ol
9 AYo] AU 80% oito] E71ES Moderately weathered)
olAte] EII=2 Kol YT(Jun ef al, 2006), 7] THS}
7t dold A | mjF o] H2{4ke] FEPALS Wk
7FsAd o] A tH(Viles, 2002).

fFeolMe 71598 digATtel 234t BE BE
< FHATEOFRE AEsto] A7|H ol a&A AL
ulAs)] Yt H Y3 (European Commission)+= 6}
9 72} A4t 2 I3 (Sixth and Seventh Frameworks)<
Bl ESALY] 715RE I AT Z2AES iy e
= AUkl DR Yok TAGRE B O3
ok nlE 3} tH(Fraunhofer, 2014). £2uUak= 20084
of e 7| S-S ST $787] SR71EA
ZoA 7|FH3t gFE7E D F-ZAF REo £
£ Aste] 79 Fag Bane Asidont
ol 42 A1) AFALUCE olojx|x] £3t A o]
o A7F g @ St Al o|th(National Research Institute
of Cultural Heritage, 2012).
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eI

Figure 1. Heritage disaster by climate change. (A) Water and salt disaster in Chan Chan archaeological zone, Peru, (B)
Submerging Venice and its Lagoon, Italy, (C) Sand encroachment and wind erosion of earthen walls of Timbuktu, Mali.



Table 1. Study areas for climate analysis in South Korea(in alphabetical order).

No. City No. City No. City No. City No. City
1 Andong 12 Chungju 23 Gwangju 34 Jeongup 45 Suwon
2 Boeun 13 Chupungnyeong 24 Haenam 35 Jinju 46 Uiseong
3 Bonghwa 14 Daegu 25  Hapcheon 36 Miryang 47 Uljin
4 Boryeong 15 Daejeon 26  Hongcheon 37 Mokpo 48 Ulsan
5 Busan 16 Dongducheon 27 Icheon 38 Mungyeong 49 Wonju
6 Buyeo 17 Donghae 28 Imsil 39 Namwon 50  Yangpyeon
7 Changwon 18 Ganghwa 29 Incheon 40 Pohang 51  Yeongcheon
8 Cheolwon 19 Gangneung 30 Inje 41 Sancheong 52 Yeongdeok
9 Cheonan 20 Geochang 31 Jangheung 42 Seosan 53 Yeongju
10 Cheongju 21 Gumi 32 Jecheon 43 Seoul 54 Yeongwol
11 Chuncheon 22 Gunsan 33 Jeju 44 Sokcho 55 Yeosu

Agetdet. d2ds 71THSE A 2[4 1) (biomass)@} X|9]& ZEH =(lichen species richness) A
e G3}st7] e AAA SRS nfAS L FT A F 0|85t EATT

T W A 2 T AYE AjSE) 9 2ARER n|g 71% Az 71374004 AlSdk= HadGEM3-RA
284 Aok 2HO] RCP4.5 A LE| 2o] o5t F3tdAl A9 7| $A =
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Woke] 7S Be, ko W ABSHA F3 RO A
skt T3 Gk A <o] FFuste] SuEs S
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2 53 AR AT B AT 2 g3hdr.

Bela Foh 72H 8912 A5t 7| Tk
o3l hebd 4 Gl 9T AT AR A 2
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L WOBE ol 49| B ] ve) WIS ot}

of BAH ANE APk, nigo R Y F

£ o] 83}t (Korea Meteorological Administration, 2014).
]2 7]3(2071~2100$) <} 7 HA7]5(1981~20104)
2 Az vlzsly] g8 W7 just Sr 2y
557 A9 ARG o2 AAsIETHTable 1). E35E 7]
Zo Eohwrt 2AHE 513709] R W BE HRAS
7159 7 AGd S4T Auste] &4 dshit
(The Korean Society of Conservation Science for Cultural
Heritage, 2001; 2002; 2003; 2004; 2005). ©]52] 27+
A3} A= 2L 913l ArcGIS Desktopl0.2(ESRIAHDE
g5t

3.1, =L &

7158 ofg Bohaatel 4 FFe 98 WS
Y02 g BAN o= AREeic) £2 98] European
Commision)= A6X}} A| 72} ALZ 2 733 E3] NOAH's
Ark(A|62} Framework, 2002~2007%1)9} Climate for
Culture(A| 72} Framework, 2009~20144) T2 AEE ]
Ak, o] AT 7| FHsle] o3t Bappate] £7)
A SEe WS YRS BA ACEA B, I,
olggiol T F8Y 72 209 HFo] FEHI HE =
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ZAE FriInstitute of Atmospheric Sciences and Climate,
2002; Fraunhofer, 2014).

%27] Noah's Arko| A& A =%, Bx,

29 BapgAre] Aol whet 71 Fuske] G
o2 BAR JBARE AAsH: T 37 7159
S b 7h0] RS A7sto] 715t ool
3t Bekd =4 E 313 g ch(Institute of Atmospheric
Sciences and Climate, 2002; Sabbioni et al., 2012). ©]3%
5.2:% Climate for Cultureo] A= o]A 2] A= o
g Azl SEE Eole T E34AEe] &4
AP o2 g vAE 71FUAEY v AwE A
Aelks AL 28 o5 31 HIE of 29| as)
A= Aol F@s] WHiEt 71EALE Holguo|~E
TFE3th E3E o] Aol ol AFolA LHEZ
WS HETo|Y A EEY] A S| 5
sto] 7|33t GRS AlEF oA T 4 Sl ot 71|
I 2dg] AZEoE Est A& HESHS
2/9317] fIgt AAIA $-& A7 XYt ch(Fraunhofer,
2014).

A= FekR}A 7}t 73] (Engineering and Physical
Sciences Research Council)&= X|Ft-2d3}2 2ls) GARA
59 fH&ol I&SER a2 AAsHA Ak
20003 5-€] o]o] thu|sly] Y3t AFZ2 WS AA| 2
2 7NZsto] Al SHATH Viles, 2002). E7F SAH ETeke]
A2 dgH(School of Geography and the Environment,
University of Oxford)olA&= 1991d90] 73S ATLA
sto] AlAIA Y
B3l A7)l Tyndall Centere} 3502 F=7]
ek 2 73(UK Climate Impacts Programme)2 43
to] AFE 22 et 73S ds st 23
Ae EZIRE vl AR G Rl AR HE A
CHEnvironmental Change Institute, 2013).

IFE 2008 =A7IEER-AE 23(ICOMOS-
Australia)& F4 02 7|55} o3 Bahy HEYHL
ostgon Aoy W Fbd wEET B4 2ok
Are]l Bz voke Aot th Australia ICOMOS,
2013). 717k d2ollA = A= QA3 At A
g4 o] &8 utr| ¥3) Frontier Research Center for
Global Change(FRCGC) T2 73-& AX|SIHA S 1
Eel ESHATT FAEALS A

o|FY AAFE THLE EIHAL 7153 Gkl

=N
o=,

Jo
)

ot o olr
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(Environmental Change Institute)S A

% gy N

Jo

—

gt AR wAo] nzFol uwpet AR Y] &3
A= 7H&ESHE AT 20069 A AR SRS
(UNESCO)E 7|ZHste] et AHzE FA(IPCC,
Intergovernmental Panel on Climate Change), =A|7]d
E-84% 2)3](ICOMOS, International Council on Monuments
and Sites), ZAESAY RZEAALAE|(ICCROM, International
Centre for the Study of the Preservation and Restoration
of Cultural Property)2t 37| 7|15 #3t= QA Al AFAE]
AEE INHLz =9staL oo et A2lE FHits}7]
918l 715 S g st S AT UNESCO, 2007).

TS o2 AJITFAE i v 7|5t £4S
B QAAEEY S7IEA, Y 22AY €88 W
3tz Qe &4, et 319 EHFEL, Bigre] &gt
A, BrE 20| 715} G Foll g et A
27} £33 = QK Grossi et al., 2006; 2008; Bonazza et
al., 2009a; 2009b; Huijbregts et al., 2012; Raphael et al.,
2012).

z719 713Hste] EIhAE FF Ate 7
¢, 2, BE 5ol Y3l Loid = = HeE 22
I vjwste] Fo Ao FIFo=H AREAQl ¥
gefsh=t] FFsAt olF FAF 7| FA =9} FA
AT S SE O] AT S FAlske] Z1ERISE o
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£ AJALsl7] o] o] 25 th(Fraunhofer, 2014).

S-2ubate 20089 T 7| TS = AN
87 FL71EAGANA 7158 FFF7 H H5HT
ol 2o e AEiste] F8/4S UASHAI(National
Research Institute of Cultural Heritage, 2012), 2010 #]
Gt A A7 R9(2010.4.17)9) Al 5 WA 7}
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Table 2. Predicted impacts on stone heritage by climate change.

Climate parameter

Predicted impacts on stone heritage

* Change in freeze-thaw and frost damage
* Increase of thermal stress on stone surface

Temperature increase

* Acceleration of chemical weathering process

« Change in biological colony and distribution
» Expanding of existing species and appearance of new species

« Increase in time of wetness
« Change in salt crystallization and dissolution
* Increase in mould growth

Humidity increase

* Increase of landslide, collapse and destruction of stone structure by heavy rainfall

Rainfall and
intensity increase

* Increase of mineral dissolution
* Change in mould and lichen colonies on stone

» Rain wash of contaminants on stone

Sea level rise

* Permanent submersion of heritage in low lying areas
« Increase of sea salt deterioration in coastal heritage

W A5+=20109 o|F E3AHR Y T2 719 A9}
g A7) o|F o] % I (National Research Institute
of Cultural Heritage, 2011; 2012; Cultural Heritage
Administration, 2012a), 7] $H3lo] w2 AR )] =
7k} Bl Eo] B3 g7t A Barge] et WAy
R A w-50] A o] FoA Yrh(Cultural Heritage
Administration, 2005; 2012b; Cultural Heritage Administration
and Chungnam Province, 2013). o] &2 tj& 7|ZH3}
o ofst HIQAAR Aol T ANHE Bkt
A FHOE koslo] g B FF BopAe AW
3k} 24l MAH o= oyt Wkt dojd|of sy
Me SET =97t o]RAA] ZeHHHKim et al,

2014).

o

3.2 MEfaofl CHet o

0ok

7| TS AF2de@y, & 712 A xSk
TEH O FF EHOR 7|57 WskE THA
FEUER B o5 AlFet Ad AR A qut 2otE
© ofgH) 7157t 7E A 51 AN 0l AR 54
SHHA B|E(2100) 0= T8 AR E A2t WS X 9717
g Aela} ghok(National Institute of Meteorological
Research, 2009). ol SA1% Ao AH22) dFe
uH 2258 7hs) A2l Sl 23t T X<l
Sk ZUHE AR 9 0] AR QI3 BYS PAR of
ot} 5t nAES] NARAE Walstel ofdry He
3o 43t 0|2 ola) Eapol M2 53 e &

Al & Qi

ASH Rzl W2 = 7|22 AIB AU E
H g8 749 21417] 2(2071~2100) BAJe} ]t} B
SF 4T Aaln] Y S7| 4L 580l B8 A g §T7t
A &g 2oz AyEo] Ao HArF Irk(National
Institute of Meteorological Research, 2009). Ht7]-29]
A AEd dEHoR 4T Z7H A9 AESH 4 38t
7 F3l= 7M&53HE Ao viR FAR g 28A F
Sl Aad A0 2 oiddrh a8y o] 2 &2 A Y
7159 EpAS TRt Ho oot e A
2 7hs4o] itk B 5280 F3ph skl wayet
£0C A0 71 F8AL 714 A o A2 7] 245
o2 Q3| BR7lo] GO et Wk PaY
o} A2A (-4 C o]gh 7]20] 0C FITo=R A5
of wet e3]3 F2-§8 8ol WHE 4+ 3
(Camuffo, 1998; Viles, 2002). 31 &¢te]] 7}7to] 21%)3k
AL 5w Aso AEs 97 Ao Ys
© 2 3= A o|w(Gustafsson, 1997; Cole et al., 2003;
Sabbioni ef al., 2012) ERo}X|o} Y&2] Alutsiz} A8y
o S Ak meh MAIEY] $7hE ofoiA A%
ERS EEEERE AR EER Py

e} ko] 4L 2047] (1971-20004) T
214]7] TH2071~2100)0] AubE 0 2 HF 17% Z7}E
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5, IEoA= dad A= 9EEHI §lth(National
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wash) == 7929l B3hE 7|chEl, oleh wh 2 gha A
wol sl galoh FHY MSEES ZAAAE qF
T AAFE 4= Ith(Viles, 2002; Smith et al., 2011). 3+A
Ty me) Z7hE 4, A7), el L) Mz ALY E
A0 sl Al

So) FA} 2L MER Yehi g olgd B
2 | o) g2 Z718 A ol2}t skck(National Institute of
Meteorological Research, 2009). 733t QA}o] o3t Z2H-2
oPH ERO] LEE A ASA 7|, AsdEe}
gemt e A, FERA Sof me} He BE
o H37] 29 26 ol47kA] ARThR Tk Al %
WEE ASSIES o dAARA 201t w7}
EH ¢ FHo| 73] YAEHUA 7HE-dZ ato] ¢
gh digo] dojuba uiehe] WE-2 teto] AlgtE T
X =ohal skch(Viles, 2005; Gomez-Heras ef al., 2006).
8 7157 e w2 A zfAto] gt Gk Table 29
CEESeE

@-&4 g0] Yoldth. Sehfelel
A B o e B2 el o 5137
Hzgabe] shaba 8 7Ms S EAeR(Fookes ef
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al., 1971; Kim, 2009), $-g| }a} 4294k
Z]—_Q.o] Je==

i 52
%7F33HModerate decomposition with frost
action)’, ‘Z7+E3KModerate decomposition)’, ‘733+E3}
(Strong decomposition)’ FHo] TILF ZA|FHTH

(Figure 2). o] T ‘753 GGl 1A 5137] & 51%«1

Az GAbo] Busly, FAZRgo| Q= 7 E3F o
dloll= 28%7F 223}t

e sl e g 203 37 e 3¢
R HzgAke 7 ﬁua Tﬂﬁxﬂae 27 =
Aoz Audc} E3] TAZLo] Qe Z7HEIF G

e} -3k Gl 4‘31}—7/?_]‘501 R AdEet
JANZ o|F3lHA HA 51370 F 88%0] FoH= 4
Zfato] 7%t B1eH Falebol &g 7FsAo] QL
Ao 72 AYEchFigure 2).

rr

]

42, MEsts 3t

e oet A9 F3he ABETH(biofilm)¢] FAdo]
A ELE] A|ZE th(Characklis and Marshall, 1990). &9
u|RE} | EZYEPS: extracellular polymeric substances)
2 o]0l ¢4 mulo] uhg Fela B2 84S U
oA o gAY A HolE F=str] diwo A= S8
of A& ¢l &&-2 3t Warscheid and Hallet, 2000). 4]
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Figure 2. Chemical weathering zone by temperature and precipitation(after Fookes ef al., 1971).



Table 3. Biomass of biofilm (mg'cm'z) and lichen species richness on stone heritage.

Biomass (mg'cm'z)

Lichen species richness

1981~2010 2071~2100 1981~2010 2071~2100
Average 18.3 87.0 70.8 50.0
Maximum 35.8 229.6 80.7 72.3
Minimum 7.5 21.9 56.2 457
Standard deviation 7.3 52.0 5.5 5.7
Aot} 250
HEL A, 718, Aol et BEBAES Nst 174 stone herltage  pngheungm |
A 4L W) GEo] /| FARE M2 HBAH  E 00l “"’”_:Z:;Z‘;f
23 HIAUES olsisk=t] T3 A &oltt. E3E X< %" m changuon ;
R 158 wet By F2US B4 deh) 5 |
o] Azf4ke] ABE8/(bioreceptivity) S H7|5H=T LE Poo. -
9% AEFos AEEHIT rkNimis and Monte, £
1988; Prieto and Silva, 2005). 3-HAF-L- 0] 2] Noah's g 1 TAEsT
Atk TRA|EAA 7| 7ot BB FotE kel guwAE . § i
Helol HEfAE Eelo] AEotel AEAFbiomasyH 5 7|
A 9)F 0] FEH - (species richness) A4S 7dsl ﬁ;g?ﬁ‘l’;g
TH(Sabbioni ef al., 2012). ¢] AL AT A A7} of o1 - - 4

HEAE FR37] A ot ST =(110~2263 m), A
3 A AYEHt Ws), d3#G71~1197 mm, Bt
711 mm), AFHF7|-2(7.3~16.8C, H# 11.2T)& 71A
AY9E dAFgAte f—:.—I’.—?— ZFA|ZtHSabbioni et al.,
2012). A= BEAFE off AolA B v} o]
44 9 7123 W RS Holo] Ao FE
= 7120l gt o9& o] A F o).

Biomass (mg.cm—Z) — e(—0.964+(0.003XP)—0.01><7)

P: Annual precipitation in mm

T: Annual average temperature in Celsius

Lichen species richness = 121.823-4.154xT

T: Annual average temperature in Celsius

vkt A9 HAd7]5(1981~20109)¢} 7153t
AluE| e o3 Atzd @3ehe] ul#7]$(2071~2100d)
g Ev2 BEATH TETFEE AEsEH(Table 3,
Figure 3), 77 2841 U] JEAFE B 18.3 mgem”,
1) 35.8 mgem™, A 7.5 mgem”o|H, EEHR= 7.3

Lichen species richness

Figure 3. Calculated biomass and lichen species richness
in the past and future.
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43. 2215 Z3} o9 YA e 2YASE HY W YR T
2o A9 209 ofste) e AYASE Upehict
SPa9] Bela Foki Weloh 2ol AR %Pasq AAZ  (Figure 4).

WYSRe TR G dT e 2R Aol grae] BelHel Fojo] FaT A A A8
1 f90l lck 4 43 A 53‘ o F S BASEE 20114l AUt AF At
B Qelol 7|2 -] A oA} A FTL O sk 1502 olge] 240 Aod Busiob Bt
ElHoneyborne, 1900), THebA wlele] 7183} el o1} 2100Moke oIS F2 Al Aol A gio
Mool 2 SAg AR ) S BARA AT ZUAGS AT o R Qo] R A2
oh 20119721004 7] 242 E B2 A H17|ol 9 Sz WasjEo] 7l ke BeltkFigure 4). AW} A
32 "ol o] SUNES /|Z0R AWASE AL QW Ao Pak nldg 71 Aol g HHA 2

Sosick 2 A 201190 U 00l A A ek 8 ek
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Figure 4. Ice days and frost days in the past and future(Meterological Administration, 2014).
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Figure 5. Change in wet-frost days for the past(1981~2010) and future(2071~2100).
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