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SUMMARY

1. Title

Changes in oceanic CO, uptake in the Kuroshio Extension region

II. Necessities and Objectives of the Study

The ocean has played an important role in modulating the increase of carbon
dioxide (CO-) concentrations in the atmosphere during the industrial era. The principal
removal processes of atmospheric CO; is CO: exchange at the sea—air interface. The
key driving force for sea—air CO, exchange is the difference in CO, fugacity (AfCO, =
fCOsxsw - fCOoam) between surface seawater and the atmosphere. Therefore,
monitoring of variability in surface COy concentrations is critical, not only to detect
changes in oceanic CO: uptake, but also to better understand the processes causing
these changes. The Kuroshio Extension (KE) region is the largest sink for the
atmospheric CO, in the North Pacific. However, the mechanisms controlling CO.
uptake in this region have not yet been fully elucidated. In this study, we describe
regional variation in surface fCOssw, examine the reasons for the variation, and
explore the factors underlying the recent large increase in summer surface fCOssw In
the KE region. We also determine rates of changes in surface fCOssw using the KEO
buoy data and data from SOCAT database, and investigate contributing factors to
temporal changes in fCOssw and difference between rates of changes in fCOssw and
fCOoamk. Finally, we check the changes in sea—air CO. fluxes.

III. Contents and scopes of the study
1. Study period: June 1, 2016 - February 28, 2017

2. Contents and scopes of the study
a. Understanding of spatial distribution of surface fCO2 and its
controlling factors
b. Determining of increase rate in surface fCO2 and understanding of
its possible causes



¢. Understanding of changes in sea-air COs fluxes
IV. Results

We observed unusually high levels (> 440 patm) of carbon dioxide fugacity (fCO,)
in surface seawater in the western subtropical North Pacific, the area where
Subtropical Mode Water is formed, during summer 2015. The NOAA Kuroshio
Extension Observatory (KEO) moored buoy located in this region also measured high
CO, values, up to 500 patm during this period. These high sea surface fCO; (fCOasw)
values are explained by much higher normalized total dissolved inorganic carbon and
slightly higher normalized total alkalinity concentrations in this region compared to
the equatorial Pacific. Moreover, these values are much higher than the climatological
CO, values, even considering increasing atmospheric CO,, indicating a recent large
increase in sea surface CO, concentrations. A large seasonal change in sea surface
temperature (SST) contributed to higher surface fCOssw in the summer of 2015. Rates
of changes in surface fCOssw are determined from the KEO buoy data and data from
SOCAT database. Annual changes in surface fCO.sw in the KE region were due to
changes in SST, mixing, and primary production. In winter, slower increase of
surface fCOssw than the atmosphere were related to changes in SST, and faster
increase of summer fCO.sw than the atmosphere were associated with changes in sea
surface salinity and primary production. Annual net sea-air CO- fluxes in this region
show increasing trend for the study period.

V. Application plan of the results of the study

The results of the study can be used as the basic background to better understand
the changes in oceanic CO; uptake in the North Pacific Ocean, particularly the KE
region. Also, they can be used for wvalidating and improving the results of
3-dimensional biogeochemical and climate models. The methodology used in the study
can be applied to other major basins like the Indian and Atlantic Oceans as well as
domestic coastal waters and marginal seas around the Korea Peninsula where
long-term CO, datasets are available.
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Az 9o FEZE 2 (SST, sea surface temperature), £& & (SSS, sea surface
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Figure 8 Surface fCOssw (patm) variation along the cruise
track. A gray square shows the location of the KEO buoy and
a rectangle with dashed line denotes the KE region.

WA, S 2T olAtstetA F¢ X E AU EW, 431-437 patme] =&
et 2okl THE A9 (275-34°N)el A #=5flom, o= A (2—-10°N)°l
A #59 g (380—413 patm) Btk A ESkvh (Figures 8 and 9). 32.3°N, 144.5°Eo] A

5]

= o]}\

[} QIS
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%] ¥ NOAA Kuroshio Extension Observatory (KEO) Y-o] 9] 28 A]7]o] 500 ppm
THAl 2 o]AbstE A EiE (xCOE EAT ¢ £F olitste A #9F (fCOxsw) 2
275°N9] F&o M= 380—428 patme] wEE Holtf 275°NS 7|£22 oF 460 patm
A G233 =718kt (Figure 9a). 2L 5 fCOuxswat< 275—34°N Y%= HHolA =4
FAHAT7E 34—35°N <A A FA438] Haskadar, 1 5 415°N7HA] A &4 07 A
stth WEH B 72 (SST)H P& (SSS)2 275°Ne A A A WMekA] gt (Figures
9b and 9c¢). T HZoA 34°N7FA] = 27.7—31.3°C ®H ¢l el o 34—35°N A

A
Aol fCOxswel st A 282°ColA 26°C7HA 543 F2°] Fasdt 35 ¢

460 -
430
400 - Bigyp 003 AP

fCO, (natm)

370 +

340 -
32

28 -

24 -

SST (°C)

20 -

16
36

35 -

34

SSS

33 1

32

Latitude (°N)

Figure 9 Meridional distributions of a) surface fCOssw and
fCO9ar, b) SST, and c¢) SSS.
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dissolved inorganic carbon)® #¥E AHEW 2-27°N A oA NDICE F2 9ol
A wstsioh 275°Ne A 5438 F7kekdth (Figure 10a). 7L § 27.5—34.5°N A oA =
Zkol 2011.8 + 3.8 ymol kg '2 LABA FAEF AL, 345Nl A 41.2°N7HA] gho] A 47
o2 F7teAT. A 350 mEskst & ¢ZEE (NTA, normalized total alkalinity) <
Al 2=27°N A el = A9 dATA FAEHT 275°NFH 41.2°N7HA] gho] A& o w
/bt (Figure 10b). %€ fCOsw ol WAHE FUE A9 (275-34°N)ol 4
NDIC F=% A% (2-27°N)ol w3l °F 40 umol kg 'o] =%k, NTAE ¢ 14 pmol
kg Eokth NDIC9} NTAS ol#jgk F7k= oF 57 patm® fCOxsw S7HE 7H4& F 9l
thoo] 4 g2 CO25YS Zr=adoer AXE A (Pierrot et al, 2006). &4 F #9
e Wit oF 469 pam®l fCOsy Aol% REow, wiEo] T A9 Alole NDICS
NTA¢®] Wzt dy=d 4 v
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Figure 10 Meridional distributions of a) DIC and NDIC
(normalized to salinity of 35) and b) TA and NTA. Arrow in
(a) indicates the abrupt increase in NDIC concentrations at
27.5°N.

34—35°N A4 {COxwe FA% e SST W3l witolr}y, d9styo=r 2x
o] ftaw olikgtetA #9te FAE Z#ghtd (Takahashi et al, 1993). 34°N¢} 35°N Af
2 2% Aav oF 40 patm® fCOxw #HAE AWT F 3
35°N %02 SST+ 165°C7HA] Zaglom, o= oF 145 patm®] fCOxsw #A4E d2
2 o Aok el °9ftke] DIC F7het 37 @58 TAY & A+ SST A4
fCOzswel #AE 757 patm AE FHA 7tk webx SSTS DIC, TA W3l & 9
2 35°Noll A 41.5°N7HA &] fCOuswol #5H 74 (¢F 70 patm)E A & Utk
fCOxwot SSTO #Al= ETF fCOxwoll &S F5 ZEALE Hozx 5 ATt o
E 5o A (9InfCOxsw/ 0 SST)7F D sts #AA 4.23% °C ol 7171, fCOxw W

o] F8 ZRAl27t £ WH Helw, o @i} E

o
lo

= o% oo 224 Eel)

oy
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A= ALEe S Bol e Aotk WEIE FAREE AQER A ds yiro] dAE
A

Tl sts W, 27.5°No A 41.5°N Ako] A el A fCOxsw7F SST9F o3 #AIE B
(Figure 11). 53] 275-35°N #A|9¢] A% 94 @At Ao AR 466 + 0.09 %
B s}ol] o] 5

4
°C17te YEA L, ol oJEH o] Ao HZ& o]islebs Bto] =&
F= Zolth whA Bz 29 (35—-415°N)e] 29 1.99 + 0.03 % °C '3

Hol, 2%k o ZeH, A ZRALTE o5 o] A9 fCOxsw ¥M3E Aud=

480 ' \ 1
4.66%0.09 % °C" A
460 1 (= 0.85, p<0.001) o &
T 440 1 anfCOw/oSST 28 no significant
S 420 {=1.99+0.03 % °c’ ‘ correlation
2 (= 0.71, p<0.001)
z 4007 450
o 380 % 420 i
= 3604 = 360 I
340 1 33 34 35
320 Sss
15 20 25 30 35

SST (°C)

Figure 11 Correlations between fCO.sw and SST. Open
dots, open squares, and gray triangles denote values in
the regions of 35-41.5°N, 275-35°N, and 2 -27.5°N,
respectively. Inserted figure shows a correlation
between fCOs;sw and SSS in the region of 2-27.5°N
where no significant correlation between fCO.sw and
SST was found.

2=27°N A e A-F, fCOxwe SST Atelol #olgh GafAE HolA| & whi,
SSSek ol FHuAAE Bl BAGT (0 InfCOzsw/ 0 InSST=1.35)= o|tsteta &

el el Aol gk A FFgNtS ued % 0.93ET Fom, o= Futol



d o]%F 7AadtE Ao ® vyt (Figure 12a). ZFASS AAWIIE A AT & A4Let
A< w -005 £ 009 °C yr! (p<0.00D)= YeErwth olgst 12 ¢ 7avt +4
% F7b pUEE olstEa BEst £E olEF o §Y /IR JBH me
fCOxwes AWET F+ AT Argo A Y FA4E ALEH TFT ZolgE AyHIS
W oAwss wolAw, fold F/ht ga 4 welAi et
: : : : : 12
3312 - D)
(0]
30 1 ° F11 8
) °o 9 0 I .
A277%%€%Zg&§%z‘%@@650% go
O 00 % 1 Fo o0 T ‘R0 £
T\_/ 24 - ;OOQOUQ‘OOOOO YOOOOC,) 000.6’0 OO(:\ 10 '6(|7)
o 00 0-0 [SI H r—1
8 21 10 -OOOOQoOé 0% oozooo 6 ooooooooo S0
o : ) o’ o () o c
18—‘8%)%@%)6%%%7@?@@?%% 9 §‘
15 | 0.05+0.01 °C yr (p<0.001) )]
12 : : ‘ . . 8
2000 2005 2010 2015 2001-2005 2015
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Figure 12 a) Monthly mean NOAA OI SST values in the middle
latitude region (27.5-34°N) for the period of 2000 - 2015. Solid line
indicates a decrease of de-seasonalized monthly mean values. b)
Mean seasonal difference in SST for the period of 2001 - 2005 when
the CO; values used for the climatology were obtained and seasonal

amplitude of SST in 2015 when the cruise was conducted.

AlZbol W& SSTO a4 AdFde G, SSTY AL A5 AdWst A7+ +
Fgt Aoz yeErst) Climatologyel A% At5E& A2 2001200512 Wt A7)+
9.9°CH Y wbH | 2AL7E e 2015119 A5 olBt =& 10.8°CAt (Figure 12b). ©]
23k SST F7F= 9F 19 patm® fCOxsw T7FHe AW 4 daL, o7l tf7] o]its}et

oF Z7Fel WE fCOxw =7F (226 £ 0.10 patm yr !, KEO Fo] A5 =2 FAAE

N
of

o
Al
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DHSTHE, 1 g2 47 patmel °]lE Fo =2 FAHHEC AR SSTY AdWst A7) &

7boolfE E ATl A & gglew, el v@ 7 A7t Bas.

Z dolr 7] 93] SeaWiFS$¢ Aqua/MODIS 2 2% #A5E 4391, 54 3o &
H ZF229 ¥57} 05 mg m° o|Ao® Z71E A AR, ol AL staE 2002—20154

o] 7|17t sk & W3l QA 94 FEEE A5, 2, PAR, 33U Zo=EH F

A 24, fF 2T iR A Y TUHE A

F EF olAbsterA S TS Hobs Stk ARE 27HAE ARESSIY WA oL
Ao el mAAYE A=<l Kuroshio Extension Observatory (KEQ) o] A&+
Carbon Dioxide Information Analysis Cnter (CDIAC) &3 °]A] (http./cdiac.ornl.gov/
oceans/ Moorings/KEO.html) o4 2& 4 dom, dA] 2007 9€olA 20141 6€7-A1 ] A5 7}
ARG TS EE o, i, W] Al R oY) olitste A £ AR E Al dth(Figure 13).
HA A8+ Surface Ocean CO,  ATlas  (SOCAT) dHloJgHlo]l~ 82 AFE
http://www.socat.info/9I A A& 4 Jom, 3 AHe A5 19W0ddFH =7t EA) 3o
(Figure 14). stAI%F 347 2tg o] ¢Fap AwgA] FLo2 B Ao s A& dd 287t 9
= A7IRke] AR E o] 833
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CO: Concentration at KEO
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Figure 13 KEO buoy CO- data
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Figure 14 SOCAT database (v.3) data in the western North

Pacific
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Figure 15 Temporal variations of a) fCOssw and fCOoam, b)
SST, and ¢) SSS in KEO buoy data.

AE ol A5x ¥ H S "=t (Figures 15 and 16). o] 3 A AW 3] g3
el 7] 98] harmonic functions ©]8 3} de-seasonalizations A S 3 Ad WH3}o

FEFS A ¥ H FEE NG £5H 7] olises £ SUHES 747 AlLte s
t}. Harmonic functionS ©]8-3%F de-seasonalization -2 Park & Wanninkhof, 2012¢]]

AbAE web lth ERE Al Atels &) flal olE3 ASHE olitstea 2 SUFEE
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Figure 16 Monthly mean values of (top) fCOssw and
(bottom) fCOoar. Black and gray circles denote the mothly
values while the
Solid
indicate increases of de—seasonalized monthly mean values
for the full years. Dashed and dotted lines denote the

in winter and summer, respectively,

white circles are the

remaining months. lines

rates of changes in the winter and summer, respectively.

Table 2 Rates of changes in fCOssw and fCOsar (natm yr b

fCOqsw fCOzIr
A 7%k A& o5 A 71z A& o5
152 £ 073 | 1.22 + 038 | 433 £ 233 | 226 + 0.10 | 237 + 0.12 | 210 + 0.19
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SOCAT tlojgjHlo]2 2z el A o] Ao 2007d o] d& 54 afol 173€ A&
gol gl7] witoll, 1 ol %o Auwke AREStY (Figure 17). A A&7 A4 45
Folztg et A AMEstE std ey, 7 AR Alo]l9] systematic errorgE HASH7] o
2, F Aol ol bsw A7k Aol Fekel, 45 Wl An o gadlth E ¥
olxtt & Wit ARTVF Lo} AMYE FUHES AHAsEHA X etk KEO HF-ol7F AX €
A]9S EghelE SOCAT 91X 1° x A% 1° gridded AAE = Al4kE 2007d5-H 20144
A 2] fCOsw F7FES 162 + 073 patm yr'2 KEO Fo] A8z F43 Ay 3z}
B523191 0 (Table 3). SOCAT dlolglulo]~ A8E A1 24 7|7te] e 27182
Asksl & A3, AR AT F71E ARkel 2 ARE WAV, 10d 7] o] Fa

- S =
st AFol o5s & 5 AU

420 - —
400 -
380 - ° e
360 - o .
340 - .

fCO,qy (natm)

320 1 1Y o8 o

3001 o b ° |

280 T T T T
1995 2000 2005 2010 2015

420 - . -
400 o ° % o L
384 ¢ .
360 -
340 -
320 A -7 -y
300 ; ; ; ;

fCO,qy (natm)

Year

Figure 17 Monthly 1° x 1° gridded SOCAT data in the area where
the KEO buoy is located for (top) the full year when data exist
and (bottom) the period when data used for the rate calculation

measured.
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Table 3 Rates of changes in fCOssw for the different

periods
Period Rate of change in fCOssw (natm yr ')
Full 1.98 £ 0.29
1996-2004 0.49 = 0.29
2005- 211 + 0.59
2007-2014 1.62 £ 0.73
2010~ -1.87 £ 1.49

e
T
oy
-
of,
o
ftlo

18), o= 2 9 ¢ % BETH ZaALTE o] A9 fCOuw

o Uy, FE By ZRAREA ALY 9T o WItE d¥E 2, i

A&d {COwpw #t W37} it A E&S ol Watel 723 &of daaAE 7H+=
il

Uelwtth (Figure 19). °ol& A

o= =
2tk A TRt =2 olE T & WHEIF ALH S fCOxw &S WIlA7= A

B 20159714 o]l&  JFe3dtH,  SfAFO]E (http://apdre.soest.hawaii.edu/datadoc/

argo_iprc.php) ol Al th=2 = wbs 4 Q)
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Figure 18 Correlation between fCOosw and

SST (9InfCOsxsw/dSST = 194 + 0.01 %
°Ch).

334
332 | *
330 | r=0.87, p<0.05
328 |
326 1
324 1
322 1

320 " " " " " "
100 110 120 130 140 150 160 170

Mean winter MLD (m)

Mean winter fCO,,,

Figure 19 Correlation between mean winter

fCOxsw and mean winter mixed layer depth
(MLD).

2 AR HEo IR AMEEHE FE2Y Y22 ARy, EAS 24 Z
22 557l 23S W, fCOxw o] tHE sjrtt S8S &4 4 AdAdr} (Figure 20).

} A2 (new primary production, NPP)9] 7d-¢- fCO.swo] A3} A7) 9}
fFolst 5o ABAAE B, oe 1A &A% & W {COxwe AdWFo] 25

g Ws7t 2% COxw AW & dFS F& Yed
(Figure 21).
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Figure 20 Temporal changes in (top) fCO.sw and

(bottom) chlorophyll concentrations. Blue circles denote

the times when fCOosw

show minimum values in

spring due to high biological production confirmed by

high chlorophyll concentrations.
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Figure 21 Correlation between annual NPP

and mean

seasonal amplitude of fCOosw

(r=-0.98, p<0.005).
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FaAQ o] A WilE & HolFE ZAog KE <ldxvt 9t} (Figure 22).

ol FEANL FHsF orAHA WstE W) ¥3Y, Pacific Decadal Oscillation (PDO)¥}
3-4d9 time lagE 7FA 1l &9 AAES BEAHQui et al, 2014). F2AQ s3] Ab

o wste A s W, £33 54, £, ABAY Sol 9L nHE oz
el Ik AT 71k F 2006414 20099744 = KE 91927k Bebg e el on,

O oo Fol ohgd AEgith Bodd Y W ¥% Fow
21

1% Aot (Kaneko et al, 2013). KEO Ho]¢F SOCAT dlo]EH|o]l 2 fCOxsw
M o] anomaly} HWE s B A} oF 3 Zo time lagE 7FHAL 79

gk g AAE BA (KEO Fol: r=0.79, p<0.001; SOCAT #t=: r=0.81, p<0.001;

Figure 23). ol sl5% WEol 93 FAY g W AR5 o8 o A9 ¥F
[COmw %ol WEHe etk a5 @A7tAe Anzs 433 o ZzA 2zt F
s 9L FeA & F ogoem, 27 A 2 45 A7t Basd d5u

et

anomaly A}& = http://marine.copernicus.edudl Al T2 = Worom v 1% A0

BE FAYE oz A3 HE Global Ocean 14 gridded MAPS REP SLAo|t}.

93 9% 97 99 0 03 05 07 09 11 13 15

Figure 22 Kuroshio Extension Index (KEI), Underlines indicate unstable
periods (Qui et al., 2014).
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Figure 23 Temporal variations between fCO.sw from a) KEO buoy
and b) SOCAT database and sea level anomaly (SLA).

O] fCOxsw #AaE AWE F AUt £FF ZHold+= &
=003 + 001 yr'e] 22 F78t93, 53] & dol= 005 = 001 yr'e] & o ¥
& Z7HEE BT olv RS wgEs /A dS W, Z2F 057 patm yr ' 095 u
atm yr'9 fCOxw 7Fe AWT 4 Atk e SSTO Ad Wt A7 Fr7te
fCOxwel Z7H8 Zetth webx SST ®sle] os] dodgdyoz fCOxw?t st
a1, SSTe] AAWE m7] F7kek SSS S7kel 93 fCOxwel F7H2 #3743
Ak A7) R 12 sAAEe] KE 497t b FHbE R =9ka, o]
= AP 2719 W fCOxswe &AM fCO;sw F7H&e] A W& eI
(Figure 24). whebA] A7 b9 14 &8 T o] S7E B & 32 o529
g71Be} = S fCOxw 79 o7t 2 & Adrh 94 A7 AAFH, 13 =4
A fCOxwe A W3l A77F &9 #AAE 7HAE Zo] o sAwHT = 9l

(Figure 21).
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Figure 24 Net primary production in the region where

the KEO buoy is located.
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measurements/ccmp) &&= A& T (http)//www.remss.com/measurements/ccmp;

Atlas et al, 2011). A4 0251 H AAHEE YC Azmz2Ry FAHA goltr
(Wanninkhof, 2014).
KEO o] AR 22E AAtd o]23lets 4% dd Ws By, 47180 5

Qb AlZbell whel o] A o] wiy] o]iksteta Fawke] FUbeke Aoz yEhuttt (Figure

o] Aejel % olaseha F4% (net uptake)o] Alrel wel Z7bshe U,

SOCAT dolgHlo]~ AR REE ALtE olx3tet s F42 A At g F71=
Hoon 7 WEge -005 + 003 (mol C m? yrHyr'gdot (Figure 26). weba =

0.
syl oyl ol MEEs FRYe 384D, ok By

=

Q
-
N

N,
offt
2
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fru
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0.0 ”HI

Sea-air CO, flux
(mol C m* yr'1)
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Figure 25 Annual net sea—air CO; fluxes (balck
bars), effluxes (white bars), and influxes (gray
bars) from the KEO buoy data for the study period.
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Figure 26 Annual net sea-air CO. fluxes (balck

bars), effluxes (white bars), and influxes (gray
bars) from the SOCAT database for the study

period.
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