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The mechanisms of CH, uptake into and release from the ocean are not well understood due mainly to complexity of the
biogeochemical cycle and to lack of regional-scale and/or process-scale observations in the marine boundary layers. Without complete
understanding of oceanic mechanisms to control the carbon balance and cycles on a various spatial and temporal scales, however, it is
difficult to predict future perturbation of oceanic carbon levels and its influence on the global and regional climates. High frequency,
high precision continuous measurements for carbon isotopic compositions from dissolved CH, in the surface ocean and marine
atmosphere can provide additional information about the flux pathways and production/consumption processes occurring in the
boundary of two large reservoirs. This paper introduces recent advances on optical instruments for real time CHj, isotope analysis to
diagnose potential applications for in situ, continuous measurements of carbon isotopic composition of dissolved CH,4. Commercially
available, three laser absorption spectrometers - quantum cascade laser spectroscopy (QCLAS), off-axis integrated cavity output
spectrometer (OA-ICOS), and cavity ring-down spectrometer (CRDS) are discussed in comparison with the conventional isotope ratio
mass spectrometry (IRMS). Details of functioning and performance of a CRDS isotope instrument for atmospheric 6 *C-CH, are also
given, showing its capability to detect localized methane emission sources.
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2ATAEE A F2d8} 2 7|98k E Fheshs 7Y S83 IAERA, 71X A” ] 7 A

AE BN SS TAE metohs 22 vlS- Fa5lt AF Esell SJaiiAet Ao x]= 191 =24
A2 24174l E(Natural Greenhouse gases)Q] 014131 (CO,) 2} HEHCH, )2 &

3 k= BAslal ARt =2k a1 Qtof|A] TRt Al - 37HA LR of gttt o]2igt o] F 04 3 24,
-9t {0] 2|k A7to] o|=2= tieket = ZPE|R|RE 25201 E¢ - Sfot - AEoh Wy HH Y] 7]3'*
(feedback)E°] T4 o8ha 280l @11 Gt} @599 QI7F &5 of 2t A4 eHaseel —04 ol M= THa-0] A7
H(reservoirs)o|L FEIE F7Foh= o] ofe}, A5 o] 11 A E= R EH7 ] % oliketet A m|etat -2 7 A
o] A& Auljz|sl= G IS QA o2 S| AU ti7| 29 o) F F7Fotal Qlrk=t] EA17 et ©]
2ot Ax|eteta] oot 712ke] B wiizoll, At WhA| 71 52te] @8 Aol E‘?ﬁ}l 7] 5 AR or S7HE ea
7ol =, A, oBA|, Z18]3r dupt o5 AQ1Z]of tiet Aol dl5-2 =&, 7HE A4 H(sources) T} A2 25(sinks)
O] Zg=F4 A7]of it 34 Tt 2 EMAS 7HA AL Sl o2t B/ 0 & Qld] o5 2ATIAIEY] I HiES
B4 07 Aok A T ojHeh

g dubdos =0]of| A A|Llx|o] AL, o|ikelEtA: thg o = Fa vt 2ATA|(EAL A
0.48 Wm, 25 CO»eqaweion, IPCC 2007)0]™, S BT} Tf7] F WP/ ojibstetA Mo 2 Bt oo 2 vepdtt.,
o] = "ol A AE7ER] 7] Fofl HF= AJIZH9.8 + 1.6 years, Voulgarakis et al., 2013)©] oAF3}ERAof| H][| Atz o 2
AR Zlo] Y1 4= Ql7, ghH © = wek A hEo] 272l o] ’sle] B vIzsHA| WSt 4= vk Y= Helck ot
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2hA et EAPIA T A 0 2 R 7] AlFAIEe] B ollA] & o, o ibshetAo] A k= HiEte] S TS
QI3 le o] 4 O] AIZFek9lelA= Bt whE 215) oA 81HE e A 0 & o ellx S okl wgke] Agrt 4
O HFa A& gt dA] A7 ui¢- m]ekely| wfEoll AdAo|ar J-82%1 A Wl gA7L Qlrt. whEbA] Hgke]
4 2l 712 S HEel e 7159 HH QI ¥ oI55k oAt A1 E‘rﬂ(regional scale), Uo7 HAl= @43 T
ofjxe] 2T

= Q77 A o2 ot ool g &gkt 7] 5 5 3710 719 Wl 1HAUSS A
I AR S Sl 02 9L o] 915 ) A Sl

m|Eke] ehAQPg B A PC-CH,) = HIEt A7 ¥hE, o)F 5] B 3lsh A& 717HE2] Q1 =i @ ol whet
o] ztol g Hol7| wiRol|, 7iE A4 A 17 o] EAJ A1 A (fingerprint) i} 22 &I8hS A, ZH A1) 71 E
ARkt ok U os 2ot HhS- WA U Sl TRt 578E 7oA st =, vt 8 AAUE0 Al - SRR
HjE0] A715 APdol= 71224]] Heh o] F 4= 9L, vl A H O] Aegslell] Uehhs E24A8S HAA 7= Tl 7
oISHK(Ciais ef al., 1995; Quay et al., 1999; Tyler et al., 2007). A7, th7] 5 wgke] Be/PCHIE FEe FUE 2 =4
S Qa1 AR 7|21 OHeF B W v dExte] ukgof et dofeld 7t Qlrhd, 7 vigt g 5] 441 59
A gho 2 KE 52 Bg/dee) =2t B4d9E 4 HiEe 570 s Zlolt). b wghe] Q1914 &) 71
A2 24 712k Aot olafish] flollie= ke HskE 2152 0 2 Z7sliok & it ol g}, FAlol B9l d4-o] AE
Shar ARt A& W5 A= SfEIF E e sk

Y A0 A Yozt A Y S HE B S0 AL AL 5P, AL} A AFAIAF] HEO] =919 &

Sk 4310) 5 714 W52 o8] Sl ouou zg%ka ﬂﬂ% gz Basich oHC*
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Ago] €2 A1 el Sy ) Bape] WS Yo 2L ul - ofelgul, 53] sjof-tir] Aol ofitst
o - 90 YR TR Al BT ReIA ) BE AR $ 20 B g 2tk WA R k] o

A % A T2 FU14 2 Ao R AdE=s A FARIA BEE5a(surface ocean)2} ST 7 (marine
atmosphere)U] ‘5= §13}, SfF ©4 12E0] WISlRS Z7d0lH, o| 2K H T A AR o8t gha §- S90S 23
off ghet. 2 vheket S78 AAEe] /T Q1E91d 578 71&<] X1 B 2 15 Ak 9 Al - 31 §I97F 54 5] S7 ekl Q)
21 S1ARE, F3ola- 9 ofdi7] v wietr wek oF-E- A S A=t o3 s] Aol FEsi: o= 71E9] 914
A& S0 Al A APA BA ) eEsh AR @7 S0] B2 7] whzolth & shale AA & 54
O 2RE GFA AR HEAS BolF=t] Hlol|, olo]l /-85l= €40 FH= AX] Zhal Ql= Aot 2 3et
7|0 W © 2 djo| 25 T 0 7 5= F4= E3l7|(absorption spectroscopy)©ll TS A7 3455] AdiE]ojek, 7]
T A FHEAY] AR B AEo] e AEFstitHe.g., Tuzson er al., 2008; 2011), 71 3Fot A sl U -&
£ oiIstErA O] F oA AT SA | -8k A7 A E|AL QAT (Friedrichs et al., 2010; Becker et al., 2012). ©|&
St ©a: 71A| ko) Al - B HEd o] Rl 712 e gk T2 A<l ofafiet - U] A 5 A os
7V ohs S Fol U S6] TA0] T F A1l ot v 7] 0] Aol A o] o] A= 2Ap A weke] A,

A S Btk of2fet niA ekl Uehte 212 A da ghe] AR e S5 AsliMe o] A
geret 24 Al2~go] "ash

& A 22 A0 T B N S da B 7V ee A o' Alskal, ESS H -8 et sl ]
HEre] ghas lea AR 95 SH 0 20 282 flol, dAl e 71712 7l B B8 A ot olof lolA
T g7 9 stuE, 2 ARl §435] S71IL Sl e FH"d7](CRDS, Cavity Ring Down
Spectroscopy) 7 {5 F194 247171 E AN 2 510 A& TS Al2F 0 -8, X 2ot 24, HAHS A|YsH, 714 Alm
B AR A5 g T 9 g gAaE0da0) 85 AlE avfistaat fitt o2t 7hs A HEES Bl - oY

oA o] AARE vjeh Sas- s 4 Ao S AltetaAt .
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AsHom T SHl AHE Ol 71714 S F9da deA7](Isotope Ratio Mass Spectrometer,
IRMS)E -&5h= Zlo|et. Z|-atet ute] A4 71 d 2] -3-85] ol vk ddskal et i 7laolH, *5d: 7|
A JREC] T A RO -9, IRMSE 8511 Sl oA 7] & wieke] dC-CH, 715 T3t =4 7142]
WMO (World Meteorological Organization) GAW (Global Atmosphere Watch) 2 13} 5}0] 329 YF=4-=0|4] 1988
HH F Y2 AHE ST ARES U= INSTAAR (Institute of Arctic and Alpine Research at University of
Colorado) 22+ 4= NIWA (New Zealand’s National Institute of Water and Atmospheric Research)2] 5$|¢AAEF
5|2 dolRl Holn, ofefeh A4 T2 FAVIA] W] Sick SRR ESleA ARG 9, Bl
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27 AFg ke 2o B7Rsot7] el RAISIIA Sl A28 AT T AGUE $711 DT WA 32 AH A
A AR 71712 FYslol Gk 5 2 SATHE 71715(e, Ete] A% GC-FID)O] B9, o5 e AN 15

o] 7Ks 7] el A US] G A HA B2 i GBS AFA AR BEAS HolEe) ST F9194
APRAE B FIL B2 AT 0 ChISIE A UST JF A S5 wtol A3 sk AUt A7
F4 JRE BolFA] R Ik olejd S BRI oS BUOE Sh B Hlo] Hat A3

e
=2
Zo)E]o] gFom, EH7] % d”C-CH, 9] AAIZE = As0] e /\]Z.P_]-?&ﬂ(Zahmser et al., 2009; Witinski et al.,
o

—E—/ﬂ%}‘ﬂ ‘3%

YA AFRA7]: FYA AR S QA 21 A0 P BRYAnE 7MY skl AelelA &
“Joh= T Wo|h 7122 0 2 S HAET e AgfolE of-§oto] T A A ke SAokE 7 1A EATRIQIH], bt
20 7 A7t BE7IAE AASF SE(viscous flow) 2.2 W Z o2 HH(ion chamber) W2 FUSHH o] AAof|A] ot
017 AARIETS] FEo o] o0 R o] 28K M + & — M’ + )= o|FA o]t YAEEA T2
fragment @E} ] YA A= A1 G 02 71EFETE A7 14 UlellA] ol 23k APt $1= e 11 YRS
Alell 257 wlzell 2 FHUAE Eohe A2 T 2545 7, o] &) ok A det f17]of 521 2]

=] 5}
tlo|(Faraday) HE&7 |24 €] g 59|940] o] 2 fo] S Ht. ol E2] Al o] F9¢Ao] v7t == Aok, A
FH0 2 FoYAo sl vl =4 TR 7IE XA BEEA) EH Y2 H|(§H4-0] 72, Vienna Pee Dee Belemnite
Z

(VPDB)2] *C $H=H|(PC/'%C) 1.122x1077]5) 0] tet HE-8(%0) 2 TR THAE} W, delta notation & L2 3]).

(13 0/12 C)sample

—1X1000 1
(5T O o jx .

5130_ CH4 (%0) = (

ko] g of] QIR egoll A o] st AlmEat e, tioko] vl tf 7)) A9 vigte] st wot Peo] ol et
Uit} wp2bA dC-CH, 5782 ZetAT T 19 AR T & o] 86l AlmE A F et ¢ gk
ASAAE A 24 o] " ash | HiZel Ale 55 B A7 2 astth A5t A& 521 CO,, H0 5 4]
2137 i 0 2 AAsHL FAR 37 AlZ2EE CH, T 28], FAIRE 7, 960°C2] 112 AAAg=]of| 4] SFtAQ1 A4
HF-8-2 &0ll, CHy= CO2FH,0 = AtRlstod, A4 CO,0| §4 F9l ¥4 fFHIE FaEE 7oA SAgh k27
O A& 5 WAlo] WEAS] dual inlet FE(Ra] - 5=2] AA 27T a2 /\]Eﬂrﬂ’i—é%éji W Zé?;é}{—%iﬁ.){
%, B 7] =0l e F S Ve o= 51e] 17194 ~10 L 371 Al=7}
Hol=77o] AR, B2 o] Al=rt B asiths A S5t A2 do] Tho] %WMﬂler et al.,2002). ©]% 4
FIARE HowE T G840 2 46| 9ol = e -2 AEARI A5 AAHe] 714 A2ntE 10 E 3
E3F CF-GC-IRMS (Continuous Flow Gas Chromatography IRMS) A|AEIO|T}, 7]20] A7 FHA| A 7| A A2 0tE
TS o] 87t Ha S shE AEF o2 A AR AR O] Bl 1/10002 EQ1, AA 2] BAIS 7h4st 519 om, 24
O] A= 0.04-0. 2/0— AR Tyler et al., 2007). E3F LA A7E= 5 4 Y o2 9459 59¥94
(isotopologues= F2|F]) 412 HAL 4= QIThH, o] 52] /A 2-4(d-d plot)= -5l A< %ﬁﬁrfﬂi Hopg
WA 0 & ZIRS 4= Qlrt. mehe] 739 B4 0] PS94 A oA FAx(Deuterium, D-CHy) Rt tigh 24 1+
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ZEAEE A Ql=t, E2RAA 714 AlsE FE] dD-CHy2 S8 7 Q= CF-GC-IRMS =744 0 =2 Al 57| Bk 7
1 dAq2Eo] Fitdll(pyrolysis) Al 7SR 7] A2 Hlol| 719 &, CHyE Ho2F CE FEafiote] 4 714|19] &
T4 RS HE 7 =45k QIth(Rice ef al., 2001 Brass and Réckmann, 2010).

Sl Almet g vl w A ZhARt o 7] Al =0] B9k ofefet A Wil et A S 4 A= 7P RS SH 1Y
T AL 0] 7HAolH, Aol AR A1 olM 9] 719 T4 At sfife] mAdE 719 A et ol Al s o R
FHok= HIEe] Fh HE-S oiAfsliof k= 7-¢-olli= A Qi Bhde] g 2o, A4 s T)ellA 6 Pc-co, &
6 PC-CH, 2 A 4291 2HA RIS e 7%, 1 Hste] 37171 af¢- 2ok, S0 Qlo] AlEgt Hto] a4t o
2, w7 7ol A1 2] ol itsteta: Bt = oF 380 ppmO|H, Bt 5914 H] 6 °C=-8.4%°|ct. 7] BE 7]
oj4tetet ATt Sfo B R E WEE| O] °F 10 ppm O] 5= 57 FIHSEHHAL skAL AUHARI A= 7] 99] oiteleta F4
Y Hl= Bt 0F 26% ol Bz, th-goh= 7] 5 59 94aH= 2F0.5% 4 A4a-sH Fct feh g4 F9dart i
o= A2 Al WA | 0.4% olsto] B o] 2§k rIARE HE5S RISt ] flshAl= XA ~0.1% olske] 14d
T Bo] " gty oJufi= CF-GC-IRMS 240] FaA1E 5= Qlrt.
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[= 2 |
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708 MAIZE B A A 27| B

I'-‘_II

90| 4t o] 7] 7]&o] AR I Yo, Flo|AE FU R sk T4 3715 FHYAY] &5 2 2
T ¥B=of 85117} k= A7 HE oo] ZISYEITHCO, (Crosson ef al., 2002; Bowling ef al., 2003; Griffis et al.,
2008; McManus et al., 2005, 2010), CH4 (Kosterev et al., 1999; Zahniser et al., 2009; Witinski et al., 2011), N,O
(Waechter ef al., 2008; Mohn e al., 2010)). YHF4] 0 = 537152 Beer-Lambert H2]0]] 7| %510 A7 mpge] Ylo] A=
7FE0I e Al(celly& S HSHAA, 1 xbgo] S 54 5 Qe =4 9 s eol whel, Mk S S4ok= H A8 sh=
717]e]ch

2 7, olElRt 23719 712 B4/ 3] oy x|7} A o] 2] ZskAUlight source fluctuation), 20]#12] 7Hd
X (interference fringes)U 3] 7 27Z0](path length) 5-2] A|2F0 2 UL S A sh= W7t HojXiet. o] EAZ
A= 71719] BAo] Zrol|m, dojxl B4 A 25 Hatohs Alte] S71etel mief, 2Rt AR 1A o] et A o]
2h= 2 A0 O 5 FE0] A2 Bohs A9 Welth T1eub Rk A glo]#] o] (o)X, Quantum Cascade Laser)=
HIA(IR) T F < FL ] P84, 2llofA] O] 2d(mode purity) 5 28o] A/ F435] 7oA Hof, HH
787 ol /4529 XS Holal qlth 55| € - 7|9okA o g Fast shobdE-5o] F45tal e AlelAdolu 4 €]
(near-IR) FHofA|2] lo|#] 7t} F4= Bg7]o)9] E-go] FE2]xIte.g., Tuzson ef al., 2008 and 2011; Santoni, et
al, 2012).

5 w8710 AUETt 5A0] o] AR AE55A AdHE A8k tiEA ] 22 QCLS (Quantum Cascade
Laser Spectrometer), ICOS (Integrated Cavity Output Spectroscopy), —L&] 1L CRDS (Cavity Ring Down Spectroscopy) &
£ 4 9tk ©1% QCLS =34 214 99| Quantum Cascade #H[O|#E o-8-ot] *CH,2}F *CH, 0] 5= Al719] 2ol & 54
st B HAHE AFEoh= B4 9 2 HITRAN (HIgh-resolution TRANsmission molecular absorption) H|©|E] H|o]A
(Rothman et al., 2003)°]l 7153 Hlighs 7|9Eo =2 Slof slokg0] FaS AFEstaL QI 0% QCLS = 7 &2 2lo] A Al
~Ell(dual-laser QCLS)S Agsto] 6 C-CH, 2ol 6 D-CH, 7= 7Fs517| E| ATt (Eyer et al., 2016). 1Lt Al= 52
|t ko] W2 7o, BiE ti7] T2 Mg, 940l IRt S ol= A 55 A AES 7 Fsk= Aol HiA|

[t

O



g7 9] / 5l Ul 8L vie 2 9a QAR S8 oR P17 i 9 28 Y - 37

2 PAE| A1 ok Bergamaschi ef al., 1998). 015 915191, QCLS 2 £-4 Alof| A& ZHA]2] ZA|E 712] CF-GC-IRMS 45
° 2 A Ao] A9 A& AT A(EMPA)OIA 7HERE dual QCLSE ¢19t 74N & 55A| A8 TREX
(TRace gas EXtractor)°|™, o] & 2|8 9] 57| A|m =R Hgha Ae2] o2 FE3t0] °oF 20 mLE 55517] 9fall 2L
okl A|AHlo]t), o] AJARLS 2 ThOlR A ZAE A7 S 6002 Bt 42, 6 C-CH,} 6 D-CH,ZE 242} 0.1%, < 0.
5%:°] AR =72 S 5= It Eyer et al., 2016). TREX A 2] A= AT A S|FAF A4 non-CO, S0|5F 241
7|A) AETHEL 15l e Medusa® 242 W2Zh A=) Al A= (Miller ef al., 2008)°1] 7]5151od AJ2FE Zo|th QCLS=
At o 2 945t A5 of| Hal, 283 glo]#] ] LetlHE (beam alignment), 0] Tz, AL E o] 5-0] 427} o]
= Holu, SH AqApgto] &g 02 -8t 4= Ql= o] Qick

21 QCLSL}HE 2], OA(Off-Axis)-ICOSE T2 24 glo]AE o851, F5-5=ol tiafl o)A ®lo] 7]
2014 SoP7tes B4R o & A |E]of, vl Rt 1A O] glo|#] F-5717] B E(cavity mode) EE 7} 7FsSH wHEbA]

=4
71A419] FEE A3 Sok= Ao] 7heotod, 75 9leA 315t 5] 84+ 3719 H& =K E] PC-CH, 2] AT 914 ke
= Qleh 71719 AR 2 H A Thast, glo] 2] o] 71-&o) A Qlo, BxRt W] deRIHET 9 6kx] 447, 33
i = TIoHA] odot @ TS ol Hol Qlrt ICOS &7 AF=o] B4 AUk = 17 H A ~1.
0%0, 1A+ 3tA] ~0.2%:2 WEFAIRE 24 7H53t 214 “55=71200 ppm (B8 H7] 5 B+t CH, 5=2] °F 1004l) 0. & 5
2 HiEY Q1] P=80 2 Ajtoirt & 4= Sk
CRDSE tH52] HIAIAES o]-§5to] glo|#] 52| Aiols dHe U o A= 9] 7ol whe} |o] #4171 355 W
HFolA Al X-sstaA Fakoh= AAAIEY] 2lo] & o] 8_t EATH O 2 CRDS 7[HH] F 9194 2497 ]= 249 99
upo] W& 3-8 cavity) ol LA - Ho] ol Akstet AL wghe] -9l 4 el Hlglsto] thEA L= ello] Ao 7
HAI7Ee] AlolE EA5H= 7] 7]o]ehWahl ef al., 2006; Wang ef al., 2008). W71 5 B CH, “55(2000 ppb CHy)oll th5H
S ATE 1A B 73, 9F0.1%9] L7 A& 4= 3lo] WMO/GAWOIA] B 5= FEE Hell ltk(Rella er
al,, 2015). CRDS+= TFE 20| #1718t 7|7 53h= 2] F5-50ll41 9] o | A] ZafjrThS S7sta =, sd-do] EsHg /el
a3l di& o2 FekS W] o= o] Qlrt. o] et B dareE]Eo] EgE|o] lo] BAH /i A5 2R PCH,L}
BCH, 2| H|E Fotod, BB 0] 4159t BEEH 0l 411 Q)= 6 PC-CHALC 2 RE 54 Al=o] A57kS 6 "C-CH,2
4F=(delta conversion) Skl QI}. o] 4| 71719 ARG R TFASEARE, 717] 11732] 739 /i A2 el 4= Qe S
= 79| glom, B0 A2 sl Hl7shH -8 A EQoj7} o] gt A Mol Ao z] o2 Tk Qlek A
S = Rofof| Qlo] AR, A& PEo] A1 AQ1 A FAIY-2 2o, nlE 71AE 2] B S0l 2lol 2-F2] Hold
oA 71719] P84 SHollA IefakEe] A=l E DAl Q= 7171 CRDSOf| 715ES = 247 50let ol2iet ToflA
CRDSE 55 4% ofa}, 2 t7] % PC-C0,2 '*0-H,0 40 395 &85 1 9J o™, ¥C-CH, ] -4 E3t
HiE- A HellA o] B g el tiet A=tstar AR olehE &
QF&-gAdel ZAste], CRDS 717191 9414 A5 A /& Fofl % th7] 2 sl ol 9] 717] &80 s 4 HE
g™ Qe

x

rr ol

[¢]

4. Cavity Ring Down Spectroscopy (CRDS) ¥2]

dRFA o2 27152 €A ollv#] 9 Hlol Almrt Soitle A FashaA, I s oflv 2] 9] Bla S8 4= (el
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A, IRS &7l 247141E) 249 s=ol e, Hakd & S4ck= Zloloh webA Fdo] ol|z7FE2PdsHA
HE Gl whet 2] Fr ke A& 0 2 HakRth= ZAF Q1T o]2feh ARl Q1o & IRt 7|74 ERPY A M
(driftyi=71719] B THA(F7 ))& 280k 0 2 sfdstal itk BAof| A== HE 714 0] AR5 X AslelaA %
71714 ¥348-& SRR} ok oA AAE]e1R] Zo] CRDS 7]&-& 583t E47]0|tKe.g., Wahl et al., 2006 and
Wang et al., 2008).

CRDS 42 7/} 7] ‘U 17%7}H—t— 917
= ol

w
o

2|6 E4& o] Foll A LAl k. A HHe A o] @ & Flo| A=
= -5 -5-5(optical esonator cavity) 2 2 50| =, 37[2] AT 3 A

8- 7 Nl F 00l H-2 9F 40 ps %OJ 4521 © 2 "iAbe]o] 1 E3} 72 (optical path length)7} ~12 kmo]] ©]27] H
t}. o= BE RO S E S70k= Tt 237150l Blol - vl o} o], 5749 I =S =11tk =4, dutao=z
g7 50] FHe] L Hste] vt A2 Al&of| ot 4 H =5 S5 ] whizo|th o]l HIsH CRDS 71719 73-¢, &
55 ol S =i 2] =d] Z1710] arx]ofl =E9iks o FlolAE
ﬂri’i H.2 AL50] Ak Tt ofsf] 2|4- k2] © = A . o] o] 4 —“E(B 1/7) %, 355 UellA Ho]
A 8(ring down)Sh=“AITK 7 )& ST B5-F W ol e 2e 55T 5 e ]§7]' UTHH A AR A= 9]

Fheof| et A o &2 §stelA Hoh 11 v+ off] €719 4 (2), 3)2F@4)ell ool 5 =H 9] FhE ARl

Optical loss( A) (m™) = [speed of light * 7 ( A)]" )
In(Z/,)= Optical loss( A )-Optical 10SSempy( A )= a( A)* cavity length(m) 3)
A= long(I/,)= In(I/I,)/(In(10)-2.303)= &-bc @)

A7IA, a(A)s A TFgolA o = MﬂE?iAhJEOM, e, b, c= A7 AP 59, Hlo] Bt A, el
S oJulRth. o] 4™ CRDS = S7g5talAt She 2452 ol uhe} Hak =32 S48 S4sts 2ol ohy 7] Wizl
Bl e Bigle] whE dR10] 71714 BAIS 1S 4 ok AR ABARE S70] Zhe w2 A Bl FE e W o
22 0] FF01(50-150 Torr) Zsh= o] 7FsstH, Az o] gefol w2 4, wite] ez ~uE o] \A o

e BE 2okt 4= Qlrk. b AHE-A Afo|o] ARt 22|71 7Fssto] b ATH 9] slYd = 2F0.0001 cm™' &
Shte] g A ER O] Akgo] AElA 0 & FFsstet o] & Qlaf] B4 EAO] wire] theh 717] Also] Aegdo] =l
A, E5] FotH o' Wt b= RS YRS A e BAshs 2ol golsiAit

>~

§'°C-CH, A& S40| A7 OflA]

8ot 6
B AAEL B =RoA=CHy 5% 2 6 PC-CH, 2] 23t A& Z7go] Bash oA 714 A28 24T 759, #|
o)/t ¢/ HollA 35 7FsRt CRDS AlAHI9] 24 2|43} 7S A7lfsHAltt. CRDS 7149 Mgt gha-E- 9] 94 7471
= g0 = Hete] F 5 9 5o} “H*-—Oﬂ, ol Fi AAgke] e ol it HEZT -4 HdY x| oo} gict. ||
O] 55 =4S QJal| 7P WA 0 2 AREsal Q= B2 FID-GC (Flame Ionization Detector-GC)©|H, o]2{gt
4] 7IAA=rE Tefju] B A= CRDS 5471754 Al=of| thste] 22H4/d UlollA] SAA o= dupt {A
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ﬂ a5 A=, vle] 8-Z o] 41 5 mollA] 2F 150-250 L min'' 0] &5 &2 Bol&
S8 A7 & 1 ARE BARE & 55(25-30 L min).2.2 Zo]E<1 Zlo|thJonshon, 1999). o] B3 7]o] -
(headspace) F-I]+=2F20 L™ t7 |4 0.2 A Ht}, Z5olet HHd-S O]_LE’? 57| 830 A E+= CRDS = FY =11, CRDS
2 73 BAo] oz E 2y ] W72 Sof Sojrl g Alo 2 Astsict uete] fak Wa-S 1asH o oo 7o
Z700)| 4] vgte] 1o Fd Al (relaxation time)-> 2F 25(Bange et al., 1996)011:1, o] 7L & = o) 27 F7)= HA
305014 14]7t0] A A51THRhee ef al., 2009). 92} - A& Z|2] ool A W72 B} AFsfs)T croFs) AAg B9
7150] 545kl )1=t(e.g., Koortzinger ef al., 2000; Shim et al., 2012), ©152] 243 &-8-2 1= 3[4 CRDS ¥ A=
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7]A|(working standard gas)= T 241 A] A=0] A5 SEeL A 7]719] /P HEE fisto], 5714 0= S o]
oF k= 7]Ao|th. CRDS 9] 74 vl 24 A7} 2|4 12]9] S48 HAshH, o] 18] 40+ A% S4& ok -2,
258 A Poe 712 iH WA & AHE AR R 26 WA ER=t] A8 5= AR 152 A e’ Aolrh o714 i
Al Al flushing@] 2 QA7 7 7171 9 g7 whet Al o = A4t A 3714l LY0] §le 8571,
RIX compressor, RIX Industries, Benicia, USA)E ©|-&5to] g4 th7| X <(4l: A5 224h 2] 87 7| A =5 S Al A
TS A E4= AR 119 ARIT(Essex, 750 psi, 34 L)oll A ste] vhEoizich 434 22714152 7171 A28t 5%
25, 9% SFE = AREY Tk s 2AoH H=t, ol A BT AE] B A, Hete] A EEo] Hal
= NOAA Azt ol TZ7|AHS0l 2Jal o] FoX ™, NOAA E=7[Ao] ogh A A B7]4|o] B2 ufdd 18] 7+
7 0 &2 ZfE]=Zlo] dRtAo|th Fk o] FEdlof| Hldl, F-9¢4a 4 2782 I3t A 52 o o] &4 A&,
%!

H, Y ST oA 2pol7E Q7 1= SEAIEE, ARFA © = NOAA A|7i7] vild w54 54 Ailea Bkt AME ]
= Zet2 % F=HISFINSTARR (The Institute of Arctic and Alpine Research)®] CF-GC-IRMSZ 244 glo] 7|02
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Fig. 2. Allan variance plot of §'°C-CH, obtained from 48-h measurements of a 1900-ppb CH, reference cylinder. The minium
standard deviation occurring at 480 min is <0.04%o, indicating that every 8 hour calibration provides the best precision of
<0.04%.
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Peak,s
O carmrue = A ( Peaks, )- 1000 (6)

Peak,s
O carmeas = A ( Peaks ) - 1000 7)

A71A, A= 71719] Z713HE-2 ol HAA7]of BAE R AgholH, A2 By & MFA BA=oA= Flolch
dear veasSt dear o 272 olfd E271A4|00 thof] 71717 S 2 e Algoh= ala TE271419] AA| 72 A3t 9
O] & A (6)2H (N =FE HHVI(P = AVA)7T =] o] 71719 ghat AA| gharte] TA|AS 277k

Al
+ O carmue == (caz ampas + 1000) = 1000
= P; 8¢z amas + 1000) — 1000 ®)
ZH"RA F7)o| A p, 7t AR S 9la, AR EE7 A9 7] A3 B A, o2 o5t e Tt 2o B E dElgt
S AgE 4= Qlek

O sto.mrue = P, (55TD.MEA5 + 1000) — 1000
O sumrRUE= Pq (55,4}/[, MEAS T 1000) — 1000
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1o op

A7V, dstpamas2t dsanneases AEA FZ71A12] 7171 3 7| A 5.2] 717] 3k EATIC. o]2igt gt 7] B2 1A E o]
&F B AR gk A& H50E] fIoH, IRMS (¥ HraloFist Tsunogai group 2] CF-GC-IRMS) 540 =R E A<
§F 6 PC-CH4 382 €L A= Al =E 4097 Y 134 =14 B2 |4|eH AR 32714 of] o]of 4023 S7g5ka, A3 15
2 AlQlRt 255 Wt o 2 717] 3k AASH). S E A BT Al sl o] BAHS Hgoto] Aot Aad B
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Fig. 3. Comparison between instrumental raw data denoted in gray, calibrated data in blue determined based on a
single-point calibration method described in the text, and the final data in pink where the instrumental drift correction has
been applied to the calibration data. The slide line denotes a known §'°C value determined by a CF-GC-IRMS at Nagoya

University.
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Fig. 4. (a) Atmospheric measurements for the CH, (blue) and §"*C-CH, (pink) obtained at a remote station located at Gosan,
Jeju Island in March 2014. (b) Back trajectories of air masses corresponding to the clean period (shaded part in left) using a
Lagrangian particle dispersion model, FLEXPART and of air masses to pollution events (in right). The color bars in (b) denote

footprint sensitivity, in s kg™
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B} &0l A weke] F i Hate] tiof] 2 0] U EAIE HojFar Qlrk 55 a5 CH, 0| 7%, Bt th7| ek W2 6
PC-CH4E HOolHA|, 59140 oA iz o2 7ie mgke atehs uldE 7|2to] Tofsh viZ-¢(Whiticar ef
al.,2007)9] S YA e 4= AT Fig. 4(b)= HEh St ©HA oA A4 v5 A= 0 Ws/dS e1dAet
AR} Eat 2 dl(Lagrangian particle dispersion model, FLEXPART, Stohl ez al., 2005)°]l 718kt 5714 &3] 2] 48 F3l
A oI wgte] Fe 7t Hal 6 PC-CH7HEA BESE S 73 H(3TAR] e F9lea o] =11, F AL mgto| g
= 7= 3717 EA A o= whEA| AlH|2jo} 2| 0 2 RE] AT kol f- =o)X A 0 2 At B a7 o 7]
WS L 4= et EghHjgte] Fiei= =2 hH § PC-CHZH S 732, th8ohe B5 A7) 37138 5=t tieA] 9 -5
O] AR HellA] 71 Esto] AT at4tel] EESIGIT of= A BEol] ot At n 9 3lekE Fo = IRt :191AQ)
2390 Fake Htdohs 2 08 Wl o]eh e F9j A0 AR 4 E-2, sty W BEolit 22 vl &
g0l A gt T F He eAE 9 dan| o] U AA|E A= gHE Y }—01'71] s ]Eq o|2{et Mgt TrA-E €A 2t
= HEke] 5= Halof et & =
ook ol 7o 4= Qltk
6.4 o
A FA 22 o= vpeFetal ERRE B9 Q] wAUSS 7HA] 1 Qle). dE=, dA] dolsls o] EEehs B A
Aot Hehe] Zato|n, 2% A5l ofsf] sffs FESE oot At HgkS ET Zo|H, o= B ME 2k S
= & ook Heh2 B A= 5ol ool J2 9] whzel throllA 9] w e $3} T3t o|ikebetA: Koy E4 B
E R 2 o= A =

. SJIZItH, 1990 &= wjgte] o 7] %%E <7t 7o) @A 5] Zl=30=T(IPCC AR4, 2007),

Irof| © o]ojzl Zolgk= sfiAfo] wgke]
%%3 ]‘FO]'OJ\E}(K?U etal.,2011). ﬂﬁ‘ﬂ g HEl A, GAERolokA St et G474
7] & Het 5= 57 k= A2l & ekl 220l okt Zlo] o}, At BHb S|t 27 E o] v
7tel| oJgt A Y-S HIth(Petrenko et al., 2009).

23 FA2F-FAFSH AlloFe] 271l 2 (estuarine environments) FERF THIRH 7|4 52 HfEH 02 oAt o] gha1, E5]
7 5720 el ARZEE oA e wehe A A Sloko 2R o] gt o] 0%tk Ansie R0 del
UrhMiddelburg er al., 2002). T2bA] P2 uet AR divti 7 shto] 425 739, 7= ol S0 =2 8 H f{lu=
B el -84 *l*rlj‘—] A5} AL R R A7 RS A5 o /1AL, ofof| whE weke] A/ o uf
= A7Hl- S5t Azt o] Haet S0 Egto] YR, 40 ofsl @4 JEH*H'E«] 25 it 54
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