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L lew, oz Q% 7|5 Wyt kst Ha ol (2 1), 7]
Hel 2AVIAE Folels A =3 HEo] gk ol A

o £AZA BAF WAE stetsy] A% ATER B A9 T4,

330
400 |
= 390 | Carbon Dioxide %5 Nitrous Oxide
g (co) T 0 (N0)
c 380 =
2 a0 s 15
S % 310
5 60 a
w -
g 350 £ 305
a o
340 | 300
330 ¢ 205
1975 1980 1985 1990 1995 2000 2005 2010 2015 1975 1980 1985 1990 1995 2000 2005 2010 2015
1850 €00
ﬁ”"" Methane g -
& (CHY) 8, CFC12
= 1750 P
K- 2
= =
E 1700 £ 300
g &
21650 £ 200
& . 'y HCFC-22
1600 . 100
> HFcf‘_!///
1550 0
1975 1980 1985 1990 1995 2000 2005 2010 2015 1975 1980 1985 1990 1995 2000 2005 2010 2015

a¥ 1.1, ARgEY ol 7] & AZF A ZIAI(CO,, N.O, CHy,
CFC) & W3t(NOAA s Annual Greenhouse Gas Index).



el A Sx7F BAC Hla] oF ou] A' WA Qi 5= W (sea
ice)ol W4 2 F/ Fars&r VIS Ha dom(ad 1

(permafrost thaw) WA Z= A&H oz Fristal 9l (Kitidis et al., 2010;
Elberling et al, 2010). 7]& W 3}o] & =] 37 W3t:= 24 7] 4 (N0,
CH;, CO; )¢ A ®sts 3 & & glom, AT AFEddA A9
= STt wE 2AVIA DA S yEde ol® Qs 7 FWstE

g2 7143 A2 Att= F4o] A 71" (Levasseur, 2013; Schuur et al.,

&

2015).

a9 1.2, 1982-2013\d s¢te] &= ey WA vhd W WA " (s F)
w2 ol Wsk(aets o), 10-11€(9%), 12-1€ 2
2016).
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t}. NoO(nitrous oxide, o}2Fs}d 4r)
Z1FHstel A BAE A= 2AVA T NOE AT &4 & ¢F
6.2% 71odstal 1 &3e 7P wol EAlske 2A7AIQl COE T oF 3009
=5(IPCC, 2014). NoO+= 7] FolA oF 12049 71 AF AlFS 7FA A, o
FHdAE 2AVAR A&y ATAMAE &S FYste 9FS T
(Crutzen, 1991). AF 8 W o]% 7] T N,O X+ 270ppbol A 320ppb= °F
20% =7Fsta, 1 F7FES A7 02%E wEA AsPEr ¢-S(Rapson

and Dacres, 2014).

Natural Human Enhanced
Greenhouse Effect Greenhouse Effect

Mare heat escapes Less heat escapes

into space F ﬂ into space

1.3. AAF el 247 aIH(AZF)9} 7t Fo o8] Ity 227
(S 22)2 JelyE 224 S (Will Elder, NPS).

2k 3% N0
FolA NO= HAE Esol ogh A4kstaA (nitrification) ¥ &2 Aksh
“ (denitrification)ell ¢]a] AdH. AAstAA L AbAwE7F 200M Huh 5
g78olA NHy7F NOo, NOs 2 AtstH = A ow o HAqA Fie=z
N.O7F A d. @datsa g2 kA %=7F 20uM Roh she 37 oA NOs 7}
A Ny 7IAE A AAoR T A== NoOZF AdE(LH 14).
AYe ] T N09 F8 FFUoR, & At WS H(16-34 Tg N yr )9
°F 20%(4-7 Tg N yrH)E A8 (Nevison et al, 1995; Seitzinger et al.,
2000; Bange, 2006). 3l %2 N.O&= FF&st7t Al A& FE7F 62.5uM B

o

N
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o gre HidkA B4 (hypoxia)e]l FAE = AL AHANA F2 AL E 4
. 4% g NoOE 7|2 wEHo] 7|$Wste] s ni, o2 9l
d 7€ dTE F2 ZE & (Baltic Sea), 53 (Black Sea), " A& THGulf

of Mexico), &% = 8(East China Sea) 53 #o] WAtk &3 2 H] L9
=2 AAFol A N,O T ol 2H& Fo] 8 = AS(Diaz and Roseberg,
2008). ol IFAA R IR, MY, e R S5 ) %
71ZAF 22 A E (NOAA-ESRL, CCHDO, MEMENTO &%)& &3 N.O ¥
s FAsEL ol W& &7 WstE olsfste s =9go] P U5

[e] =]

SHAIRE - 55 A9 A2 54 9 oy 7HA Aldesz s NO 2

nL_i

A A 2 Bazh vEste] A AFAR] 7ol tie) F&s] A Xe)
= 8. 2HER d =55 A9 vsHstel ddste] NoO AT ws)

At 2 7)ol gk olsirt &7,

Norg N,O

| Bt

' Air-sea exchange
NHy o 4

| s 4]
NHEOH m‘ﬂ_/ /
Nitifcation { |\ X \ |

- T }Deniln'fication

NO, - coupling *NOQ-
L Sl
L NOy- coupling NO;~ )

a9 14 sfiFl A Aaksl 2o gdAkE Aol o7 N,O B4 7=
1 s
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a9 15 AAFA &% FZo A2l ApN,O A

10 150 180 20 M0 &m0 0 30

%: (A) Nevison et al.(1995)9]

20 150 180 20 M0 m0 0 30 30

]

93 A% (B) Suntharalingam and Sarmiento (2000)°] ¢]3F x| &=

2. A9 FAVSE s N,O HA ol v 2= JTF

Jb B2 N0 wrAlEE ol

5 =3 FEurasian Basin® ™2} Nansen-Gakkel RigdgeE 7}ZA]

Nansen Basinsol4 Amundsen Basinol| °]2+% A|99] 2012d o353 (89
4) N0t CHy A Fo gk A5 P o] AFeA =A9 £F3F
(Polar Mixed Layer, PML) ¥} f&5olA N,O°F CH,e *x3t=+ 7H7;
42-111% <} 27-649%°] A W E3Fi= &Y (heterogeneous)dt #XE L ERY
S g (2916). 283 CHsS Nansen BasinolA =] el whd o)
N0+ Amundsen Basindl A =2 33 #3X HEE YERH. o] AFollA 5
¥ #3eo] 9d 43 #¥ ¥ Eurasian Basing 53 559 ASF7) o
E3tel el CHyt NoO9) d77F A= &sol o3 &n[7p o]Fo] A &+
Res At i, w&e A wste wE o] 299 NyO9 CHyo #39
ek Areol 7nkS vAal AA A S F w2 7|5 - e Fash
qdE & AdS AR
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0 M 40 60 G0 0w 20 40 0 M0 40 60 M0 1000 1200 140
Section Distance (km] Section Distance [km]

W (a) NoO(nmol L, %

3]

239 1.6, PML¥ 4%9F3(0-100m)oll i3tk 42 dt
N1Za3k A5 el (Verdugo

23%); (b) CHunmol L7}, %¥3%) e A=
et al.,, 2016).

Kitidis et al., 20102] 5o m=2w, E=3]2] North Atlantic Ocean ¥}
Beaufort Sea AF°]2] North-West Passage (6700km transect)oll 4] NoO 33}
E& 82-181%= YEE. A x3tEe] v+ sfo] x2 Falgol ok o

gola, #HxstyE e thdA W sl Mackenzie River plume®l
gt ggFo=m Fw H. o] ATl sF T NO+= Y F5H S7te 5=
ETTY NoO AFAIES AEaAFRORE Qall 24A7AE9] ld-d7] 4

b 5718 Aolgtar Ak

Zhan et al., 2015 Canada Basin¥} Greenland Sea Basin®l4] N,O &%=
I 3 o] F A9 NyO ¥EE oF 12-152nmol L& UEhon o]
= AESHA N0 AN ET -3 7 A usa) By BAH (5] o
, T )l o AZA kAL AAF

N
Mro

e

oft

o= NoO A A

ok oA F71E9 AF7] 3 (remineralization) 7} Z2aA 7 3 ¥ =
AolA N 0= 71849 False A o AAdFe] S7rskA €
(Capone, 1991). o3 <+AZS 7|Wwte & Fuhrman and Capone (1991) S5
¥ A 123} 238 (Ocean Iron Fertiliaztion, OIF) ©] %o N,O 2 Fo] =
7} & Aolgar g Asd L, Jin and Gruber (2003) 5 RddS T @
ol A OIFel o8& th7] 5 CO, #49t % NO HAo] Frhetes AL
A3t

ri?i
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=0 & sl 0 m—
PR N I SR B R = . . 7]
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2 2 0.1, 9 . Zz
e | | R - <L
£ ety e L E_E_ B = H
b Fid
£ 2 [ F L " S
B L = B : £ 40 -
5 L 29 S0 — & =
s B or T b H 3]
0 el — 5 5
= = Hirfieetden patway [& Il bl E B - ) -

| i i o A 0 o ol I 0 | | 1 Tryy——— _n_1IIIIIII|IIIIII LS 1 N N v | |_

] 50 1040 0 50 100 1] 50 100 0 &0 100

Year

a9 1.7 2 v&st Agd mE g2 719 CO0F NoO ¥ES-(Jin and
Gruber, 2003)

==

SOIREE(Southern Ocean Iron Enrichment Experiment, 1999)oll 4 &5
o SEel A e Aol dAAoR dWEoF FEdA NO %7
S7hste As EAsglon HAE N.O9 7] W= o8 CO, A7 &
7F et 43 (Law and Ling, 2001). RE#He] = FSAAF+A AWI
(Alfred-Wegener-Institute)2] FX8&ko] o]Fo|x  EIFEX(European Iron
Fertiliztion Experiment, 2004)0] A+ OIFZ <&l a4 = N.O7F S7lsts= &
S WAE A E3H(Walter et al, 2005). o]# 3 Abwtel Avt= OIF A9
wE e NoO HAAAE PEetA e A X3

Ligi et al., (2014)+ Bering Sea Basin ¥} Indian Sector of the Southern
Ocean A 9o A ¢ N,O %% Eﬁ‘ﬂ% Hlaugk o] dto] wEw oY £S5
AN NOE == ti7 d7iet FFAeel 77 dF=38 o] &H=3)
Adwn o AZsLE 7t 145}‘#% dobd, FA tr]-alF FH2e H
o} S=aol A Z7b - 1.47—-1.77, -0.347-0.64 ymol m* d'& ©j
Yoz FEIA ZS5S vENY., 283 N0 FRAEYX = HE A
11-46.9 nmol L1, @=afolA 152-23.3 nmol L'& YeErFH(ZH 1.8). o3t
A= B =2 Abs FRo i N,O ALk 4ol Az Az Kol
H, o]F A NO % #X+= FallTe 7 oS 23t =

A el o8] AQHE Ao WY,
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o
=k

A Asw ohek drl-sF N0 Belsdw &
A o dolt NO BAF F747h dehdtd

SOz Q% 7F WslE MEst A ThsAdol EA1E

2000’s regime shift &3+
AL 1990t FRH2000 ] WS vjHo R We)

g
% j{ﬁ 4

HAZ Wgo] w5, 19603 thH-E oF 1990t $-wb7kA] 2-3% Rl
e Uebdie HAskelar, 1997 o] Foll SolA el Al A AR
< U 7EEskEglen 2-3d9 F714 WeAdol fle ASH gt B

Arctic Sea Ice Extent Standardized Anomalies
Jan 1953 - Dec 2011

O = N W A W
| 1

| —Monthly Anomaly

Anomaly (# St. Dev. from 1981-2010 Mean)

-3
~=12-Month Running Mean
=8
o I~ —_ [ ] (=2 [ad) r~ — [T (=2 o I~ — o
S99 9@ 9 5 8 8 9% 3 @ 3
Year

I3 1.9, 195398 E XAl 5=62] sy WA W5 (Meier et al., 2012).

4 g
ooty et AEEA QA% YEE. Frigstad et al. (2013)2 =
Fo] f7lka 9 HA9] regime shift7} YEPE S B gk 50

FrlRAs Aa W §E §71427 20008 o F FHAHE F7

H=eE 19509 o] $-FEH xS 2ol dsskal dar o3 &dEk=

_14_



A el A= 20000 regime shift §Aeo] #5HAL F= =4 1990
0 FkEs Vo §he olFe= R 79 SUF FA7
2 ®g e sl 200080 1] A dAde
concentration)ol A &= uEbE. 2000t Holl= A FAJYE Y sEE

20003t o] % F7hetal A= Aol B alE(Turner et al., 2016).

1979-1997 1999- 2014

=71 A (CHY 9l regime shift A% WEal Qlgo wd H. A A4
o2 U7l ¥ CHy #%% 20008 28712 #F3] F7eks FA4E5 e
o 2000-2006\ 474 71 s == FES] Al Hs Aol uEkd. ol e B
< W7l ¥ CHy 9945 S8 9 5 T AS (2™ 1.11).
Schaefer et al. (2016)%= t7] & WlE-s=el §¥Ce 24& T3 CHyo 7149
o] stAAR A AESE WE HAS Aolgka AA 3
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(Schaefer et al., 2016).

327 agade

skl 7= N0

AN dga5s B

flux F+4& &3

HYozX o Vo s vhefslarzat

Sk
= .
T o R
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1} 3= Maxwell Bay
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(c)
Weaver Peninsula
— R e

B~ -

% 113, g5 AlE71A] kel 18 Maxwell Bay (Moon et al., 2015).
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Loafe] Az A57de] 7] 5dst=d

w3 suvE vozs AFWEAT ALY (vd BRI QA%
IS Eobe] % a|ATe Favlezs dcklAe £}
(N.O) &% , A3 54 5= doto]l tiv] T N,O9

: 9] Aol AE= Gas Chromatography(GC) £4 79SS 7|2 o= =
=39, GC 7R Ao A9 nFe] 7t 24 244 53 dEF 3
5 HolARk oy 7HA| A QAU AET] EE T
2 8 @4 I &84 A IS

=

A7 et

)
ik

& Abe

i

7}. Marine Methane and Nitrous Oxide (MEMENTO, 2009 A]%}) Z 2 A E

D U] A7)l Helmholtz Centre for Ocean Research Kiel (GEOMAR)®I
/] Marine Methane and Nitrous Oxide (MEMENTO, 20093 A%} Z2 A E
& &8 Y 719 CHy 2 NoO A Wsh A5 st dS(2# 2.).

(https://memento.geomar.de/).

t}. NOAA ESRL Global Monitoring Division
v NOAA®  Earth System  Research  Laboratoryol A Gas

chromatography- ECD detectorg °©]-&3te] A A54 N,O 45 FLE3H3
Ao, steto], aYMTE H= 5 5V #S5A0A Byl T N0 s=E A
AlZPo. 2 AFetar #A skl 7] st digk N,Oo A5 st
(19 2.2).

a9

N

;
s

(https://www.esrl.noaa.gov/gmd/hats/insitu/cats/conc.php?site=mlo&gas=n20)

,19,



o {f L

a9 21. 59 GEOMAROA 7fitsle] &g ol 7|ZH3E 2
(CHy, N,O) £24717]

GC ECD

stream  gas sample
sample select valve i matogram

& b C) f\_/

= T |V SN
i detector electrometer

et/ ABET T

- [ column oven

19 2.2. NOAA ESRLAIA AFE3H= NoO 4] Al2~8 A E(F) ¢ NOAA
shsbol vk Zop %ol Byl F N0 B4 FA(S).
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A1z F=989 93 (SCAR) Antarctic and Southern Ocean  Science
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A#E o A=

- What controls regional patterns of atmospheric and oceanic warming and
cooling in the Antarctic and Southern Ocean? (Cross—cuts “Southern
Ocean”)

- WIill change in the Southern Ocean result in feedbacks that accelerate or
slow the pace of climate change?

- Will there be release of greenhouse gases stored in Antarctic and
Southern Ocean clathrates, sediments, soils and permafrost as climate

changes? (Cross-cuts ‘Dynamic Earth’)

Research Programme(ARP)9] 15714 Z2HAE 5 olg gHEE0] & A9}

18 Aol A&,

- Methane and other Greenhouse Gases in the Arctic: Measurements,
Process Studies and Modelling (MMAM)

- The Environment of the Arctic: Climate, Ocean and Sea Ice
(TEA-COSI)

HIPPO (HIAPER Pole-to-Pole Observations)s 2009Wd%-€ thdzk #A
AFA S BAaeste A47A4 BExE EYEgsry] 9gs G AR
)

534749 g7] vgrts TR G dS(A%E 0715km) o2 RUYE A
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