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Abstract

Monthly variations of radiative forcing (RF) and mean temperature changes by greenhouse gases emitted from
commercial aircraft were estimated based on the simplified expression at four international airports (Incheon,
Gimpo, Jeju, and Gimhae Airports) during the years of 2009 ~2010. The highest RF and mean temperature change
in the study area occurred at Incheon Airport, whereas the lowest RF and mean temperature change at Gimhae
Airport. During 2009 ~2010, the mean RF and mean temperature change estimated from aircraft CO, emissions at
Incheon Airport were approximately 30.0 mW/m? and 0.022°K, respectively. The mean RF and mean temperature
changes caused by other greenhouse gas N,O was significantly small (<< 0.1 mW/m? and << 1 x 107*°K). Mean-
while, CH, emissions caused negative mean RF (—4.45x 107> mW/m? at Incheon Airport) and the decrease of
mean temperature (—3.83 X 107°°K) due to consumption of atmospheric CH, in the aircraft engine.
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AL~ (GHG)S M3 2 s=%
Aol FAT 27lel Sl AR olF A 271
3}z glek(IPCC, 2013). <1914 A 1ol o]k 2417}
2o A A)7TA A WL 1970 28.7 GICO,-eq/
yrE HE9 T, 200496 49.0 GICO,-eq/yrs. =
7hsted o] 717r F<t 179 A= Fokekd. o2t
eAbre) Wze w2 Ax B3 2o $4mES)
Gl o3l 715wt et ke nAoe o
FA77F 2% v} 9Jof (Uherek et al., 2010). =)
ERrE T =22 (% 19%) HREs 2 E)
2 3)a, I Hge® - (F 15%), = (F 5%), &
F (% 1%) 5 <=2 =2 Yepdth(MLTMA: Ministry of
Land, Transport and Maritime Affairs, 2010). ZZ 3
AN T F4 FA0) 2715 2w W A
ool ZABT Qe AR ol =, LA
e e 2T Roln m2 S4S g Aol
Sl Ao ek Wel, pawt 3 431 3T
Zg0] A 2412 1Tk AT}, 1990~ 20061
o mE4eh 2 oA 2] AN Fpsw
JA-1$)9] A Z7HEL 14.6%0]|9e, 7]ef w
EL 35~104% S71EE Bl A nEect
BEolA ol 71 ¥ F71EE neld (BT
£ 7%: The Korea Transport Institute (KOTI), 2009).
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Az 9l 3

ot o

2 53%/yro] L ¥y pEE
Foll A 38%2) —0—7]»5 8.t} (Lee ef al., 2009). Fo}
loh Ao1e) FE £ Ax FEA FARA)
243tz Q) A%Aow Z7e3 Gl Aol
fje] PR RS Am Ry, FEs kR JrAgR
iEM] 2o A A= FHE 1297 3] 5=
el 2002 292ell E3std dF7]7F 2007
d3 2013302 42 77 41949 6212 F
As] =715 & B 4 ¢lvh (Korea Civil Aviation
Development Association, 2014). ¥z o= &-A} 4l
A A B Sodo] o)3F 2Al7IAY &L A=
Aol AFH T ik 28y BRE a3 3
e AAEE F7I2RE AV wE A
wak ofe}l A Afe 2 RE] Tlofst oA, & H)7]
A ZA| A 2] o] - ZAF (LTO: Landing/Take-Off)3}
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Ol FdolAl 2] &37]2] Ak (climb) 2 17} (descent),
<3} (cruise)el] 2JsiA] SAlZEAERE ofue) Hj7] &
FEAS &3

7)ol gt 97187 f 7] 5 sl A3 ¢
Z1980dH] =l o) &, $}E7| wiErhie| 23t
F4 oo) sewsel vae 44 0 ol we
715 sbel] 3F A7} 4238 = et (Stuber and For-
ster, 2007; Schumann, 1997; Carleton and Lamb, 1986).
SA7EA]L o) AkS EEA: (COy), HIRE (CHY), oMAFEA
2MN0)8F YAEAQ PM 53 22 3 wiE
AL ARl e e vAE
oA Qlet(Lee er al., 2009). HA| 2] HF HAPY
A3 (radiative forcing)e] TAo|A] 437 =
W& B3 ol 23} (CO,, soot, H,0, NO, Hj
Zol o3 0, A4 = 2kl E, b olo]
24, NO,°l 2|3 CH, %) &35 vehli, A1Y
o met Az e 2AAY Aeg Fhalch(Lee e
al., 2009). FH AFo| w=d, 20009 3E 20053
Ato] ghgell 2k A A A BAFAIHL 14% A=
Z7V8kA L, 2005 3hgell o8k HAPIAH - of 55
mW/m*2 A FAPIAIE ] 3.5%F 2H|s= Ao
2 B 3% gt} (Lee et al., 2009).

A2 Feld 7] el we drleded
9 eAskae] W2 Al B A7) AAHY
A=t (Song and Shon, 2014a; Shon et al., 2013; Song
and Shon, 2012a, b), 3F¢7] 27}~ wjZel] whs
BAPIAY 8 sl emskel 4a A7 A8 S
A stk w2 QAgelae i 4xe) FAF
F(AA, 2=z, A, A F)el A 7] A7k wl =
o whE HAPFA|= ] AlZh(AzE, A, 4) st

2 PH o2 o 4% J1LusE AEse 1
=4¢ Anuel wa 4 A A
9 9 7l Wate 4 vlmssd.

& 379 dydde 2l A de 34
AE, HA AT FEE e

s sl 01% %‘%oﬂ N 710 o) MEEe &
3) o1 4 (Song and Shon, 2012b)
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Ut #F7] AR v EeF ARl dis) 7=k
ofshd o2 Rk dubH oz syv) W& Ak
A& ZA A 7R E7E ok () 337
o ABAMEEFE o83l Wby (Tier 1), (2) 371
LTO 3149} AgAit-g3ke] 45 %43 Wy (Tier
2), 3) 3&37] LTO 3145 o|431= "y (Tier 3)9]
o}, sk mEA T (KOTI, 2009) ZAe] w2, Tier
39] by o] AAl W EEE A& 2 Hbedsle] nr)
AEet e AbEe] Helhar s wEbr] 2 AT
o A= LTO 314 (Tier 3)2 o] 43 LAIVIA wj &2
A& o] 83519l o2’ 37| LTOC 23k &

AEA wiEe 7|EE s o2 wWiEAs

73

ol 43t AxT 4 olek AAZE ollelNe

3=
2w rlo

= s
+7] LTOol J3t &37] wiE Abes 918 &%
=2 7127 8 AAAL gg3 2o

Ej =2 (LTO, X TIM; X FF, X EF;.) (1)

Ey=3%7] 7154 (), +3==H (), 3 (k)
ul] 2 (ton/yr)

LTO,=7]%4 (i) LTO 314

TIM;=-¢-8t2 =4 (j) &5 A1z (min)

FF=%38% = (j) 98 5% (kg-fuel/min)

EFy=alzlxdle] F 45 wes 75 (), +3
2= (), 33k (k) W EA 5 (ke/1,000
kg-fuel)

a717F AA W& e A7k (o], CO,, CH,,
N,0)el] 9]gt B-A73A13] AF&-2 Hansen et al. (1988)
o] AFAHRE 7|22 st sty WAALE Vel

FE B G LAZLS Wl WE AP B Tl ewst g A7 25

IPCC (2007)9] 2]
A COyell 2|3t
713714 1=k 2}5 (Myhre ef al., 1998)E o] g3}
EAAD AAlel] 7|22 F¢lem, IPCC (1990) A3}
frAREL 2 A9 7E(5.35) 22 A H. ©
= A7) wEEE 2ATIA FElstl] 9
FARAE wslERE AFESl] $13te] st A
< omgiet & oA 2 A WA Ae] A Zh
7z} Shi (1992)¢} Hansen et al. (1988)2] 1ad A
B 71E AARE viEez Ak FH9ich 18

J_L\,L_l r..Ja

<

ole] A} 02 2A7kAe] WA =S Yehith =
Lol A BAPEA S Asbale] A= (5% olv)e
ARREE o] g3 EAPRAY FA] vlm A7E
E3le] 2= gl (IPCC, 2007). BAAAE AFE24]
oA, 7t T3 7] wiEel o7t 2A7kA] e
= g Ed FAR EE (IR, A

% ¥ol(1km), &3 F4 PE% o] &3} *\}53}
At TR AAAEE F=333AHKAC, http:
//www.alrpon.co.kr/mbs/www/mdex.jsp)_‘al- Q1 A=A
A2 SIAFo] E (http://www.airport.kr/) A HE
Basjoleh SAks wet A9 g
AbESle] BAFAIY AlAbel #4819 0w, 2009~
2010 F<t 4 FafollM ] dF FE5 4 T4
A 7S o]83l9 v} (Korea Meteorologi-
cal Administration (KMA), 2009, 2010). =1 23} A
37 ilze) €5 TARAG AL 3 T
AR WA e = HHE 7] EEAAIE
2009~2010 =4 Ah22 A8-stAct (htp://www.
climate.go.kr). & CO,, CH,, N,0O2| WA ¥ xx= 77}
393.5 ppm, 1910 ppb, 324 ppb= A-&-3}%i )

F3 RS

Table 1. Simplified expressions for the calculation of radiative forcing due to CO,, CH,, and N,O (IPCC, 2007).

Trace gas Simplified expression radiative forcing (AF) (W/m?) Constant
AF=aln (C/Cy) a=5.35
o AF=aln (C/Cy)+p (VC— VCy) a=4.841, $=0.0906
? AF=a{g (C)—g(Cy)} a=3.35
where g (C)=In (1+1.2C+0.0005C>+1.4 x 107°C?)
cH AF=0{ /M- VM, } —{f (M.Ny)—f (M,Ny)} a=0.036
¢ where f(M,N)=0.47In[1+2.01 x 107> (MN)*7+5.31 x 107> M (MN)"*?]
NO AF=0{ /N— VN } — {f (My,N) —f (M,,Ny) } a=0.12
2

where £ (M,N)=0.47In[1+2.01 X 107> (MN)*?+5.31 x 10" M (MN)"*?]

C: ambient CO, concentration (in ppm), M: ambient CH, concentration (in ppb), and N: ambient N,O concentration (in ppb).

Cy=393.5 ppm, My=1910 ppb, and Ny=324 ppb (http://www.climate.go.kr).
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S AT A1) WA # A
Q) AP AFs}e] HRAAA & %
ek (Lim et al., 2006; IPCC, 1990).

AT,~\ - AF )
714 MK (Wm?) HE 7)1Z3x17t= W4, ATs (°K)
37 A=

2% W3}, AF (W) BAPIAIE S
yehie

A8 45 (Joshi et al., 2003; Forster and Shine,
1997; Hansen et al., 1997)0] 2]spd, 7| 3717t = W4

(}\.)“ i/‘]'ﬂ'z'“ = ‘IT‘ 3> °ﬂ‘%‘ =4 s; 7] HHEﬂ'}\
o o3 fEEE oF FEwIe) 22 nFAHe
H

2 FEFE 753 ARl s dR dge P
= 7oz yephgt o] °33FS Hansen et al. (2005)
o M= “efficacy ()72t Aolstalom] wh&3t 7ol
et

5=N/hco, (3)

9 Mg Mg, 437 B A% HF

AT,~r; + hco, - AF @)

Ao, = Ponater et al. (2006)2] 0.73°K (W/m?) ™' gt-&
AL&-31gd e} CH,9F N,O9 1, 7k 747} 1.18 (Ponater
et al., 2006)3} 1.02 (Hansen et al., 2005)2 A}-&-3133c)

3. Zda 9 E

lo

3.1 227 SATA sl ofst BAIZH

) 438 FABY A A2, o, AFEY
9] 2009~2010 = 2417} CO,, CH,, N,0] 3
W& = 20 Yeplisiet 1A %"ﬂ/‘i V=
Wl ZEAS Holx CO° wlZE 6.52 % 10° ton/yr
o= 7lzyaluct oF 328 = U:],CH4—E— —1.353
ton/yr, N;O= 6.65 ton/yr= I/‘rF/P/H At 7] 24
7}2sel] w3k ApA| 8 W82 Song and Shon (2012a, b)
7} Song and Shon (2014a)el] A <=o] glt} CO, %
N, Ok 22| CH,| 3h37]el 23t & &5
e vEhe ok $37] A2 FAge] e o)
5=t EER e, #3371 3)A
(idle)z}t “AAfol 5 (taxi)” =g AlQ)3t Azl F31
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Table 2. Annual mean emissions of greenhouse gases
such as CO,, CH,, and N,O from commercial air-
craft at four international airports during 2009 ~

2010 (in ton/yr).
Airports CO, CH, N,O
Incheon 6.52E+05 —1.353 6.65
Gimpo 2.02E+05 -0.232 242
Jeju 1.60E+05 =0.171 1.75
Gimhae 9.68E+04 -0.096 1.25
-9—0] l.___z_:,_ ‘5X‘j:_—y_” “)\]_11”7 “o] . 7—_(' (LTO)” = 1::}\]

A47] F CH,®] s=7t Aol 2n|=7] oo 7+
28k} (Satoni et al., 2011).
zﬁﬂ A& SHeA & o, CH, vl el A3t #]
23t &3 (100 d 7] A3 3HA] 5 GWP 0=
34)% CO, (GWPpo=1)ul| Zol] W&t &afol n]af 1+
o}, BAb g NG 23t adtel| A B w 34u) A=
=5} (IPCC, 2013). N,O (GWP,(,=298)9] 74
CH, ¥4 & o] aztid o Z9(CO,2| <F 300
w] A=) (IPCC, 2013). o]&j 3t x}o]o] L&A Yol =
st N,09] di7] F A FAIZE(F 1208d)°] CH,9
HAFAIZE(F 9x)Re} v A7) wfF-o|v} (Denman et
al., 2007; Lelieveld ez al., 1998). 1&]31 CH,°] 7]
F T=t AmelAe] wiEs} b7] 5 3kl 9
g glof eJsiA AAE e, o7 28k OH
g zte] AbskES S I3 == Aoldh 3,
N,09] ¥ HifFAelMs doluiA] okar Aol
Ao Faelel sl sk oj 2l o]Absbrkanel] Hs
v etz} ofalatA 40] 71 o 7] F AFAIZRL B g
N 23t &yt SAge wjE3e] SHAA of
T 97) W el FAPIAE agtell A b Held
48] FA| g A Gg7] AT v Ee] o7
EAFAE 43S & 33 29 1~4el dehisd
ok & 33 79 1~49] CO, BAPAIE A =
18] 3 A FAL o] g3le] A3 e vehin
A A FAE AR CO, SAIAIY 3 F
WA FAe o3 BAPHAH I oF 7% A B
e Blok F oA FA Al A FA el 2%
CO,° HAPIAH 2 719 Apol7} gl Aoz e}
et AR S C02 W Eoll whE FAPIAIE S A
HRH, g3 7] o] - AF et 7P 2
9] 20099 4 E.—A}%xﬂe%‘% 22.0 (39¥)~37.2
mW/m? (99) ez FAHN o (AFF e 292
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Table 3. Mean radiative forcing and mean temperature change from aircraft emissions of greenhouse gases (CO,, CH,,
and N,0) at four international airports during 2009 ~ 2010.

CO, CH, N,O
Airports AF Temp. change AF Temp. change AF Temp. change
(mW/m?) (°K) (mW/m?) (°K) (mW/m?) °K)
Incheon 30.0 0.022 —4.45%x1073 << —0.001 2.96x1072 <<0.001
Gimpo 22.9 0.017 —1.87x1073 << —0.001 2.65% 1072 <<0.001
Jeju 22.7 0.017 -1.73%x 1073 << —0.001 2.40%1072 <<0.001
Gimhae 17.3 0.013 -1.22%x1073 << —0.001 2.16x1072 <<0.001

mW/m?), 98 Hake ol A ez vehge.
20109 = 4 EAPMIAIELS 20099 = ®op ok7h
=2 Z=x]9l 23.6(129)~41.5mW/m?(6¥)2] He=
vebgdeh (@9 g2 30.8mW/m?). F HA= o] -
45 w7l B2 AETI] A9, 20099 4
EAHAIEL 17.0 (3Y)~302 mW/m? (9g)ez =
AEglom (AFHF FHS 22.6 mW/m?), 20103 =E
20099 =9} A9 A 17.4 (3Y)~29.6 mW/m? (10
)] WS YepiTH (AT F2 23.1 mW/m).
20109 9 FApdAIR ] S dRAdE= 2D
g 109e] /M 31 39e] 7P w2 Zlo= el
Wt ol#d Aol I SF ABAI FA|TF
o3P o] A xlelof 7|1tk Al WA R o] -
5 w7} Fe AFFH 2000w 4 2P
AL 14.8(19)~25.8 mW/m? (59)2] Hel= e}
3 wh (A9 F 72 21.1 mW/m?), 20108 == 2009
Heno of7t =9 Z2x]9l 16.9(12¢€)~30.0 mW/m?
(8¥)e2 Yehdoh( ‘ﬂ-’é‘% e 243 mW/m?). 43¢
=

o T T o - AF =gt AP w2 AR
9] 20099 = A EAFAIHL 9.4 (9Y)~19.7
mW/m? (109)2] #Hez Jepd v (A7 e

16.7mW/m?), 2010 == 200912}t o =2 (F
T 1.5u71A]) 4=X]9] 14.4 (39)~20.8 mW/m? (114)
o7 FAFGH(AHT 32 17.8mW/m’). 4 &
APEAIE o] Wiste] A9 S S0 gl AEY
sk AT, Al gl e g AR 5442
Jeh}A] okolt) o] ) s3] AAA o) %
Helo] Tz M2 o2 AL & 5 oo

CH, vl &0l 23t BAPIAIE 2 CO, &2 BA}
AH vl A wfg- 2w EeFoz s $ak vl
Az A FAFoH, o] 9| Ftoz AFI7
35 ZHse QA FEe] 297 (2009~20109) o
W OEAIAEe —327%x107° (3Y)~—6.11%x1073

mW/m*(69)°] 2 JePdeh(QAFEF 32 —445
X107 mW/m?). 7 233+e] 9y EAPIAH-e A5
T3 A debged), 2 —-131x107°(39)
~—250x 107 mW/m? (99)¢} —1.18x107° 3)~
—231 X107 mWm?(5¥)e = A=Y =3 =
T4 AFTIAAe AFF BAPIAIE S 47
—1.87x107%¢} —1.73x 10 mW/m?o.2 x5 g}
bl s g3l e BAFAIZ o] 71 Al e}
Y, 2 W= —6.99%x 1074 (9Y9)~—1.45%x1073
mW/m® (19) ¢ 2 vehgeh ()3 32 —1.22x107°
mW/m?).

N,O wj &l &3 EAPFA=-2 CO,0 BARAIY
I vl Al A A= e Ao vepdel A
F3e] 2d7F(2009~2010%) 4 BALRAHL
1.16 X102 (39)~4.86 X 102 mW/m? (9¢)9] W=
ZAF g (AFF 7S 296X 102 mW/m?). =3
glo] 4w BAIAIE 9.60 % 107 (3Y)~4.32x 1072
mW/m’ (99)0 2 velged (A7 3 2.65x 1072
mW/m?), o] A|FF3re] 4 BAFAE 418}
A el = 1.03x1072(1149)~4.01 x 102 mW/
m* (59)°] W= FAHUH(QHF w2 240x107°
mW/m?). 3t 73] g3l A o] 4 FAA EH-
8.41x1072(79)~3.07x 102 mW/m? (1Q)2.= }e}
Yok (A 7 2.16 X 10 2 mW/m?).

7| 2R wiEE 2AZES F COyel o3k A
AFA BAFAHL 18~28 mW/mPe g K= 9]
o} (Lee et al., 2009; Sausen et al., 2005; IPCC, 1999).
Il A AT BgT] wiESke] M
el A 2] CO, vl ol w2 EAMFAE (30 mW/m*)->
AATF BAAIE S fARE Aoz FAFS &
ATelM e Fa7]AA EEe YA B4 F 2
3ol kg F H7RE(BC) Hgk e o
Foix| 2] ekgket. 2 S 7] F2] BCell £]3
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Fig. 1. Monthly variations of radiative forcing and mean temperature changes from aircraft emission of greenhouse
gases at Incheon international airport during 2009 ~2010. Mean temperature changes for CH, represent nega-

tive values (multiplied by —1).
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Fig. 2. Same as Fig. 1 except for Gimpo international airport.
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Fig. 3. Same as Fig. 1 except for Jeju international airport.
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Fig. 4. Same as Fig. 1 except for Gimhae international airport.
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