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ABSTRACT

With regard to the concerns on the role of oceanic uptake of the increasing
atmospheric CO, concentration, atotal of eight ocean time-series programs, have been
established worldwide since the JGOFS era (i.e. late 1980s). Among these, the
Southeast Asia Time-series Study (SEATS) dte is the only one located in a
“ subtropical marginal sea’, namely the South China Sea (SCS). TA, TCO,, d®Crcop
and other pertinent chemical parameters were measured for seawater samples
collected at the SEATS site from eight separate cruises between March 2002 and
August 2003. Based on these measurements, the characteristics of the seasonal
variability of CO, species in the mixed-layer, the processes controlling the vertical
distributions of NTA, NTCO, and d**Crco2, and the magnitude of anthropogenic CO»
influence throughout the water column are thoroughly investigated to Dbetter
understand the carbon cycles in such a subtropical marginal sea.

Results show that the decline of NTCO, inspring-summer mainly results from
in situ biological utilization in the mixed-layer, while the resurgence of NTCO; in
fal-winter is due to entrainment of the COz-rich subsurface waters from below.
Based on the drawdown of NTCO, from winter to summer, the primary productionis
estimated to be 177+34 ~ 363+69 mgC mi” day* in the mixed-layer. fCO; increases
progressively from spring to summer, then decreases from fall to winter. The
seasonal variability of fCO, isin phase with temperature changes, suggesting that the
fCO, seasondlity is primarily controlled by temperature effect, though other factors
have compensated partialy to yield the observed low amplitude of its variability.
The SEATS dite is an atmospheric CO, “source” in summer and early fal, but a
“sink” in winter. The largest CO; flux occurs in winter due to the high wind speed

during winter monsoon. The annual seato-ar CO, flux a the SEATS dte is

\%



estimated to be around -1.28+0.94 to -2.73+2.20 gC m? year ™.

A close examination on processes controlling the vertical variations of NTA,
NTCO; and d*Crcop reveals that the increasing trend of NTA is resulted mainly from
higher preformed-NTA and carbonate dissolution at deep, while organic oxidation and
greater preformed-NTCO- are responsible for the observed increasing trend in NTCOs.
The decrease in d®Crcop with depths, however, is principaly owing to the
decomposition of organic matter. Furthermore, carbonate dissolution accounts for
approximately 30% of TCO, production in the SCS deep waters, and it may have taken
place at depths well above aragonite and calcite saturation depths at 600 m and 2500 m,
respectively, in the SCS. Moreover, the penetration depth of anthropogenic CO; at the
SEATS site is estimated to be about 1200 m, based on both carbonate and d**Crco, data.
The ratio of the decrease of d**Crco, to TCO, increase, i.e. DAd**Crco/DTCO,, due to

the uptake of anthropogenic CO; is about -0.024%o (nmol kgl)™.
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IPCC 2001

anthropogenic CO,

1980
5.4+ 0.4 Gt C (1 GtC = 10" g carbon) 61% (3.3 +0.1 Gt C)
35% (1.9 + 0.6 Gt C) 4% (0.2 +0.7 Gt C)

1990 6.3+04GtC
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SBE 9/11 plus
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ORI-639 03/19-04/02/2002 5, 10, 20, 40, 60, 80, 100, 125, 150, 200, 300, 350,
400, 500, 600, 700, 800, 900, 1000, 1200, 1400,
1600, 1800, 2000, 2200, 2400, 2600, 2800, 3000

ORIII-794  06/30-07/04/2002 5, 10, 20, 40, 60, 80, 100, 125, 150, 200, 250, 300,
400, 500, 600, 700, 800, 900, 1000, 1200, 1400,
1600, 1800, 2000, 2200, 2400, 2600, 2800

ORI-656 08/31-09/06/2002 5, 10, 20, 40, 60, 80, 100, 125, 150, 200, 300, 350,
400, 500, 600, 700, 800, 900, 1000, 1200, 1400,
1600, 1800, 2000, 2200, 2400, 2600, 2800, 3000

ORI-664 11/09-11/15/2002 5, 10, 20, 40, 60, 80, 100, 150, 200, 400, 350, 400,
600, 800, 1000, 1200, 1500, 2000, 2500, 3000

ORI-673 01/17-01/23/2003 5, 10, 20, 40, 50, 60, 80, 100, 125, 150, 200, 250,
300, 400, 500, 600, 800, 900, 1000, 1200, 1400,
1500, 1600 1800, 2000, 2500, 3000

ORI-674 03/03-03/09/2003 5, 10, 20, 40, 50, 60, 80, 100, 150, 200, 400, 500,
600, 800, 1000, 1500, 2000, 2500, 3000

ORII-859  04/10-04/14/2003 5 5 10 20, 40, 60, 80, 100, 120, 150

ORI-690 08/05-08/10/2003 5, 10, 20, 40, 50, 60, 70, 80, 90, 100, 125, 150, 200,
300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1500,
2000, 2500, 3000
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25°C
pH
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0.68
222 TCO;
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coulometric titration
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SOMMA Single Operator

Multiparameter Metabolic Anayzer
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15 22
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2 8.5%

ethanolamine hydroxyethylcarbamic acid

CO, + HO(CHp):NH, — HO(CH,),NHCOO" + H

thymolphthalein
(
)
Agy - Ad +€
HO+€ — 0.5 Hyg + OH
OH
mmol kg*
TCO2
JGOFS
2.2.3 d"Crcoz

d"*Crcoz TCO,
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TCO2
2 85 %

10°° 40

6mm Pyrex
d3c VG OPTIMA
d®c d*o working standard ~ d¥C  d®0
NBS 19 -3.65% -15.82% vs. PDB  ?c’0Y0 c'’0™0
Crag 1957
per mil (%
d*3Crcoz (%= [(Rsample/ Retandard) -1] ~ 1000
R 1cr%c Rsample  Retandard

PDB

224TA, TCO, d¥Crcon

TA TCO; 20
Scripps Dickson
TA TCO; + 2.4 mmol kg' + 16,



n=15 +1.7 mmol kg* =16, n=12 0.11% 0.08%

2.2
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- 1s = 2.4 rmol kg'l
5 4
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d**Creoz +0.06 %o + 16, n=8
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d®Crcop

Howard Spero

2.3 Spero
d®Crcoz
2.2TCO, Batch 56, Bottle No. 551 8 dlSCTcoz
2.3 Dr. Spero 2m (1) 400m (2) 1500m (3)
d*3Crcoz
d*3Crcoz
1 1.23
2 1.31
Sample d3c

3 132 P Teez Difference
4 118 No. Dr. Spero’'sLab Dr. Sheu sLab
5 196 1 0.64 0.78 +0.14
6 123 2 0.07 0.10 +0.03
7 195 3 -0.05 -0.15 -0.10
8 1.15

Average 1.24
SD. 0.06
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SEATS PO, NOs

DO TA TCO, d“Crcor

TA TCO; fCO,
“Preliminary investigation on seasonal variability of
mixed- layer CO,, akalinity, and fCO, at the SEATS time-series site, northern South

China Sea’ Deep-Sea Research |

SEATS TA TCO, dCrcon

SEATS

“Vertical distributions of alkalinity, TCO,, d®Crcop at South East Asia

Time-series Study (SEATS) dite: controlling processes and anthropogenic CO»

influence’
3.1 SEATS / TA/NTA /
TCO,/NTCO» fCO»
Normalized
TA, NTA Normalized TCO,, NTCO», fCO,
G 10m 0.1kg m?

6:-06aat10m 0.1

32



NTA TA x +
NTCO, TCO, x +

33.5 TA TCO,

fCO, TA TCO,

Lewis and Wallace, 1998

Mehrbach et a. 1973 Dickson and Millero 1987
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Leeet a., 2000; Lueker et al., 2000 fCO; CO2
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+5metm
311 TAINTA TCO2/NTCO, fCO2

2002 3 2003 4

TA/INTA TCO/NTCO, fCO; 3.1(a)-(f) 3.1(a)
~23.°C 2003 1 ~30.2C 2002 7
0.34 ~33.72 2003 1
~33.38 2002 11 3.1(b)
2002 11
90m 3.1(c)
20 30m
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1 (d)
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Salinity L 33.6
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312 fCO,

fCOz

1974

fCOz

Takahashi et d., 1993

fCO,
1l
TCO,
\Y
fCO,
fCO,
fCO,
1
3.2
pCO, fCO,

spring blooms

Weiss et 4.,
fCO,
TCO, TCO,
TCO,
fCO,
“source”
fCO,
13 S nk”
SEATS fCO,
SEATS fCO,
Subarctic North Atlantic
63°N-68N pCO;,
pCO;,
pCO2

37



Temperature (°C)
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pCO2 pCO;
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3 Northwestern subarctic Pacific

Kyodo western North Pacific Ocean Time-seriesstudy KNOT 44°N, 152 E

19
fCO, 34 KNOT 1998 2000 fCO,
fCO;
BATS ESTOC Tsurushimaetd. 2002
fCO, fCO,
fCO,
e ——
I —— {0 obs ;
| "Fﬁ'l?:::al
380 | i
N S 5
i 30 ¢ ~4 :
g ¢y A / é
Y
300 L ¥ :
- [
B B B 1w R N
1098 L1999 2000
3.4 KNOT 1998 2000 pCO2
Taurushimaet d. (2002)
4 Northeastern subarctic Pecific
pCO; Ocean Wesather Station
35 OSSP

P OSP 5CN, 1432W 19

pCO;



OSsP

pCO2 pCO2

Wong and Chan 1991

pCO;
pCO;
pCO-2 pCO;
pCO;
pCO;
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w0
0
o
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Tekahashi et d. (2002)
Subtropical North Pedific
fCO, HOT
3.6 1989 1992 HOT
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fCO,

pCO;

BATS

SFEATS

Takahashi et a.(2002)

fCO; fCO, fCO,
fCO,
fCOZ fCOz
E 26
3
3 B
E 24 =
29 Lt piabieiatan il e E o R et ppatutntgqulns
360 |-
E
E sqnl—11
& i
(& ]
ag0l- T
&'J'Q'Q'J'Q'L'J'#L‘J'E‘A'J'&‘L‘J'Q’&Li‘b';ﬁ"s'r';
1889 1890 1991 1992
3.6 HOT 1988 1992
Winn et d. (1994)
SEATS fCO,
ESTOC HOT
fCO,
fCO,
fCO,

fCO2mean corrected for DT = (Mean annual fCO2)x exp[0.0423 X (Tobs —Trmean)
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Tobs
Mean annud fCO, fCO, 364matm
Timean 27

fCOZobs fCOZ

Eg. 3.1 fCO, Eq. 3.2
fCO, “fCOomenn corrected for DT”  “fCO, a
27 " fCO, 3.7 “fCOomean

corrected for DT”  fCO»
“fCOxa 27 7 “fCO2mean corrected for DT’
fCO,
fCO;

fCO,

430
420
410
400
390
380
370
360
350
340
330
320 :
310 2002 2003 —>
300 5

corrected for DT

o fCO

2mean

fCO, (matm)

M A M J J A S OND J F M A
3.7 “fCOomen corrected for DT “fCO, at 27 7 fCO, Observed

fCOz “fCOzmean corrected for DT”  “fCOz at 27



“fCOzat 27

fCO,
“fCO, at 27 "
TCO, 2003 1 2002 7  “fCO,a27 " TCO,
“fCO,a27 » TCO 3.1(d)
60 metm 30 nmol kg* Takahashi(1993)
(TFCO/TCO,)/ (TCO/fCO2) = 10. .ormemrrmrmsmrmsmrenEQ. 3.3
TCO;, fCO, 55 matm
“fCO, at 27 " TCO, “fCO, at 27 "
“fCO, at 27
“fCO, at 27 “fCO, at 27 ”
TCO;,
“fCO, at 27 ~-60rmetm fCO,
-90nmatm fCO, -30mam
fCO, +120ntam
fCO,
SEATS fCO,
fCO» fCO;
~-60nmatm fCO, ~+90natm
fCO,
fCO, ~+120matm
~-90natm ~-60natm fCO,
fCO,



SEATS fCO,

Takahashi e a. (2002)

fCO;
fCO,
Takahashi et d. (2002) fCO,
T/B T-B
T /B =[(DfCO2)temp / (DFCO2)hio] - Eq. 3.4
T - B = [(DfFCO%)temp - (DFCO2)pio]- ..Eq.35
Eq.34 Eq.35 (DfCO2)temp “fCO2mean corrected for DT”
(DfCO2)bio “fCO, at Tmean’
/B >1 T-B >0 fCO,
TB <1 T-B <0
B =1 T-B =0 fCO,
SEATS HOT BATS KNOT  OSP T/B T-B
31 SEATS
HOT BATS fCO,
KNOT OSP
fCO, 31 HOT SEATS
HOT 20 100m
Neuer et al., 2002 fCO,



31SEATS HOT BATES KNOT OSP fCO,
Temperature effect Biologicd effect
Location and Temperdt f T ature effect -
Loca .per .ureef ect / emper .ure References
Oceanic regime represented Biologica effect Biologicd effect
18°15' N, 115°35 E
SEATS South China Sea, the largest 1.6 (97/62 mam) +35 ntam This study
subtropical margind sea
22°45' N, 158°W Calculated based on
HOT . _ 2.6 (59/23 nam) +36 ntam _
North Pecific subtropica gyre Winn et d. (1994)
31°50" N, 64°10' W
BATS Western North Atlantic 2.7 (150/55 n&m) +95 nam Bateset dl. (2001)
| :
: Takahashi et d. (2002)
subtropica gyre
44°N, 155°E
. - Calculated based on
KNOT  Northwestern subarctic Pecific 0.8 (174/228 netm) -54 ntam .
Tsurushima et d. (2002)
Ocean
50°N, 145°W
) . Wong and Chan (1991)
osP Northeastern subarctic Pecific 0.9 (100/115 rretm) -10 ntam i
Ocean Takahashi et d. (2002)




23matm  SEATS

HOT

3.13

“ source’

Whorf, 2004

1994 DfCO,

SEATS

ank

47

97 vs. 59matm 62 vs.
HOT
HOT 3.8
SEATS
TCO,
SEATS
SEATS “sink”
HOT BATS
Eq. 1.1 DfCO,
Mauna Loa Observatory Keeling and
27 33.5 DOE,
3.9

DfCO, fCO;

39
“source’

Bateset d.,



Depth (m)
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Pontential tempearture (°C) PO, (mmol kg™) TCO, (mmol kg )
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30
20
. 10 /r
£ ] Source
g 1 N
¢ ]
O
O ]
8 -10 -
-20 { :
] 2002 2003 — =
'30 T T T T T T T T T I T T T
M A M J J A S O N D J F M A
3.9 DfCO, DfCO, fCO,
1996

Liss and Merlivat, 1986; Tans et al., 1990;

Wanninkhof, 1992
ECMWF 1985 1999 18°N, 118PE 10m

2002 2003 3 2003 4

DFCO, 3,45  DfCO, 2002 7  DfCO
6,7,8 2002 9 1 9,10,
11 12,1, 2 DfCO, 2003 1  DfCO;
SEATS
-0.03+0.07 ~-0.25+ 0.64 gC m? yr't 0.30 +0.07 ~
2.77+0.68 gC m?yrt 2.10+1.16 ~5.36 + 2.97 gC m? yr'* 747 +

2.44~-17.04 +557 gC m? yrt 32
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SEATS “gank”

SEATS -1.28+0.94 -2.73+2209C
m2yrt HOT -284gCm?y! Winnetal., 1994 BATS -3.0
-7.2 gC m? yr't Bates et al., 1998 SEATS

HOT BATS
SEATS
SEATS
BATS HOT SEATS
35 x 10° kn?

45+33 96+77TgCyr! 1Tg=10"%g

0.20% 0.44% 0.97%
314
311 313 NTCO,
“fCO, a 27 7
NTCO,

2002 7 2003 1

NTCO; NTCO, 21mmol kg
50m
1.05 + 0.20 mole C m? 1 7
SEATS
2.10 + 0.40 mole C mi? Chen et al. (2004) SEATS f-ratio
019 0.39 f-ratio
SEATS 177 +34 363+ 69 mgC m? day*



3.2 SEATS K Lissand
Merlivat (1986) Tansetal. (1990) Wanninkhof (1992) DfCO;
DfCO, 5 matm
DfCO,  Wind speed CO; flux (F, gC m? yr't) and exchange coefficient (K, gC m2 year* natm)
Lissand Merlivat (1986) Tanset d. (1990) Wanninkhof (1992)
(rretm) (msY)
F K F K F
Spring -19+5 31 0.016 -0.03£0.07 0.019 -0.04 £ 0.07 0.129 -0.25+0.64
Summer 20.1+5 3.2 0.015 0.30£0.07 0.038 0.77+£0.18 0.139 2.77£0.68
Fal 9.0+5 6.1 0.220 210+ 1.16 0.595 5.36 £ 2.97 0.501 4.50 £ 2.50
Winter -15.3+5 8.8 0.488 -7.47£244 1.114 -17.04 £5.57 1.043 -15.93+5.20
Yealy Average -1.28+0.94 -2.73+2.20 -2.23+2.26
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Liu et al. (2002) SeaWiFs
280-350 mgC m? day*
SEATS 2000 2001
180 330 mgC m? day*

NTCO, “fCOyat27 ”

Chen et a.(2004)

3.15
NTCO;,
Redfield-ratio C:N=106:16
Redfield et al., 1963 NTCO, 21mmol kg'?
3.2 mmol kg*
0.4 mmol kgt 12.5%
87.5%
Redfield-ratio

“carbon overconsumptiori’  Toggweiler, 1993; Sambrotto et al., 1993

Copin-Montégut, 2000; Michales et al., 2001

Redfied-ratio 3 SEATS

Karl et al., 1997

SEATS

Chen et al. (2003, 2004) Trichodesmium sp.

Redfield-ratio

62%

Wong et d. (2002)

R. intracellularis

nitrogen fixing cyanobacteria

3% Wu et al. (2003)
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iron-binding organic ligands

Trichodesmium

SEATS “carbon

overconsumptior’

SEATS “ mysterious carbon draw-own’ DON



3.2 SEATS NTA NTCO,

d®Crcoz

SEATS NTA NTCO,  d®Crcor

d™Creoz
SEATS
3.2.1 PO,> NOs AOU NTA
NTCO-, d13CTc02
AOU
NTA NTCO,
Apparent oxygen utilization; AOU
Benson and Krause
(1984)

NTA TA x 35 =+
NTCO, TCO;, x 35 =+

35 335

35

d"Crcoz AOU

Kroopnick et a., 1972; Kroopnick, 1985; Lin et 4.,

1999 SEATS



310 2002 3

2003 8 SEATS

PO,> NOs AOU NTA NTCO, d*¥Crcop

PO, NO; AOU

1000m
NOs

NTCO,

NTA  150m

1400m

NTA NTCO,

d"*Crcoz

120
15

PO,> NOs; AOU

1000m
PO,
AQOU NTA
~2300mmol kg
1600m 1600m NTCO,
AQOU
AOU 1000m
AOU
AQOU NTA NTCO,
d"Crcoz AOU
d*®Creon
12e RS
d 13C'r(;oz AOU d13 CTCOZ
d®Creoz
d®Crcoz
NTA NTCO,



Depth (m)

PO,% (mmol kg?) NO;" (nmol kg?) AOU (mmol kg?) NTA (mmol kg1) NTCO, (mmol kg™) d2C1co2(%o0)
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Redfield-ratio

Redfield-ratio  Anderson and Sarmiento (1994)

3.10 (a)-(c) PO,> AOU P/AOU NOs AOU N/AOU
NO; POs NP 100m 311
Redfield-ratio 100m
311
Redfield-ratio P/AOU N/AOU Redfield-ratio N/P
Redfield-ratio P/AOU  N/AOU Redfield-ratio
AOU preformed vaue
AOU
AOU

PIAOU N/AOU  Redfied-ratio

P/AOU N/AOU

Redfield-ratio 100m
Redfield-ratio
Chen et a. (1986) PO, NOs
PO  NOs PO,
NOs
PO Pgy NOs Ngy Prg Nrg AOU
311 Prg AOU Redfield-ratio
P/AOU Redfield-ratio
Nrg AOU Redfield-ratio
3.11(b) AOU 130mmol kgt

Nry/AOU Redfigd-ratio AOU 130mmol kg'*
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50

40

30

20

NO,” ("ol kg")

10

50

40

30

20

NO,” (Mmol kg")

10

3.11 SEATS

1 (@) @ forsamples>100m
7 4  for samplesg100m
: 0 Regerated values
| PO,* = 0.015 x AOU - 0.59; '=0.98
: o P |
| 24 ﬁ/g Redfield slope: P/AOU=0.0058
: . |‘|! *,i"f/
0 50 100 150 200 250
AOU (mmol kg)
1 (b)
] NO, =0.19 x AOU - 5.17; '=0.98
a_ A=~ Redfield slope: N/AOU=0.094
T ’ /‘17
0 50 100 150 200 250
AOU (mmol kg™)
0.0 0.5 1.0 15 2.0 2.5 3.0 35
3- -1
PO,” (nmol kg ™)
(@ PO, AOU (b)NOs AOU (c)NOs  POS*

100m 100m

PO,> NOj



Nry/AOU Redfield-ratio Nrg/Prg 3.11(c)
PO 0.8mmol kg*  Nrg/Prg Redfield-ratio
PO 0.8mmol kg®  Ngrg/Prg Redfield-ratio
Nry/AOU  NgyPrg
nitrate anomaly, N*  N* Gruber and Sarmiento, 1997; Deutsch et al.,
2001
N* =N —-16P + 2.90
N* N*>0
N*<0
3.12 SEATS 200m
N* <O 200m
NryAOU  Npy/Prg Redfield-ratio 200m
N* >0 SEATS 315
Trichodesmium sp.
R. intracellularis N*
N/P Redfield-ratio ~86 Chen et al.,

2001 N*

N*
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N* (mmol kg™)
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3.22NTA NTCO, d*¥Crcoz

NTA NTCO, d3Crcoz

Chen and Millero, 1979; Kroopnick, 1985; Feely et a.,

2002 1 2
3
NTA™®S = NTAP® + TAY9+ TA®D  ......EQ. 3.1
NTCO,™* = NTCO,"® + TCO,%? + TCO,%".......... Eq. 3.2
di¥cmes =q13cPre + g13¢cor9 + g3c@b. ... EQL 3.3
Eq. 3.1-Eg. 3.3 meas pre org cab

NTA NTCO, d®Crcoy

NTA NTCO, d“Crcor

I NTA
Eqg. 3.1 NTAMes NTAP® TA%9  TAS®
TA conservative tracers
TA
TA
TA NTAP®
Sabine et al.(2002a) WOCE/JGOFS TA

PO PO=DO + 170 x [PO,*]
TAP® = 148.7 + (61.36 x S) + (0.00941 x PO) — (0.0582 x q)

SEATS NTAP® NTAP® 2305mmol kgt
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1500m 2353 mmol kg! 1500m

3.13 NTA™MS
NTAP®
NTAP™® NTA™MS 33.3% 50/150
TA Brewer and
Goldman, 1976; Chen et al., 1982 TA AOU
Feely et dl., 2002

TA®9=-0.019 x AOU

TA%9 AOU TA 3.13
AOU
COs*
TA NTA™MS NTAP®  TA9 3.13
-I-Acarb
T meas

SEATS NTA™Me

150m NTAP'® TA°'9
NTAMes 150m NTAMes
1600m NTAP®  TacD
500m NTAP'® TACP 500m TASP
NTAMes TAY
NT meas N-I-Apre TAcarb NT meas
NT meas
Il NTCO,
Eq. 3.2 NTCO,™* NTCO,P® TCOY TCO,?P

TCO,"® Redfidd-ratio C/AQOU 117/170; Anderson and
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NTA (mmol kg™)

2250 2300 2350 2400 2450 2500
0 L1 1 Sl TN Y Y NN AN N S A
500 - .
1000 - @0 000 ]
7 a m o®o -
= I . NTA™™® -
E T <—4&——>m ® 4
\c: 1500 __ iAIAorg':l °o°: __
% : " - -I-Acarb >0° :
A ] |
2000 - A o ® |
1 A m @ -
: A (m] o :
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18 NTA™ y
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313 SEATS NTA NTA™®  NTA NTAP® NTA
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Sarmiento, 1994 AQOU

TCO,*"9=117/170 x AOU

TA TCO; 21 TCO,P
TA®
TCO,%¥P=05x TA®P =05 x (NTA™ — NTAP® _TA"9)
=05 x (NTA™®_ NTAP™®) + 0.0593 x AOU
TCO”®  TCO,P NTCO® NTCO, ™=
TCO,”"9 + TCO,®
NTCOL® TCO”¢  TCO,@P 3.14
NTCO"® TCO ™ TCOA®P
NTCO,™=
400m NTCO,™Mes
NTCO®  TCO,?
TCO, 2P NTCO,™®
400m TCO,™
NTCO, ™ NTCO,"®
TCO, 2 NTCOM® TCO”® TCO,®"
40% 40% 20%
TA
TCO,
IC/OC TCO,
TCO;, TCOTCO,°"
IC/OC TCO,
SEATS IC/OC
3.15 IC/OC  200m 0 IC/OC
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NTCO,(nmmol kg™)
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IC/OC

1500m

1990

(1998)

cacite

TCO2

60-80%

1500m ~04 I1C/OC

TCO2

04 TCO,
29%
TCO, SEATS
TCO, ~29% 1000m

~26% ~29%; Tsunogai, 1972; Kroopnick, 1974; Chen,

Lewis and Wallace

aragonite
W = [Ca®] x [COZ /K g IC/OC
W
2500m  3.16
3.16
600m TCO, P
Milliman et al. (1999)
500m  1000m

Feely et a. (2002)  Sabine et a. (2002b)

TA Excess TA

TCO,@P

TAcarb

Excess TA



Depth (m)
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Milliman et al., 1999

pH microenvironments
Chen (2002) TA

TA

TA
TA

N d¥Crcor

d13CTcoz dlscTCOZ

d13C0rg d13Ccarb Eq 33

dlSCmeasX TCOZmeas — dlBCpre X TCOzpre + dlSCorg’ X TCOzorg + dlSCcarb’ X TCOzcarb

gi3cmess  {13¢pre dlSCTCOZ d13co9
d13Ccarb' dlBC
12C
d3c d®BCreo Georiche and Fry (1994)

d*Cc  -18 -22%o
dc -20%o
dc d®Creoz +1 %o Bonneau et al.,
1980 dc +2%o
TCO,P® TCO,®  TCO,™

d13Cpre
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3.17 discrre 500m

+0.7  +1.2%0

dtcPe

d13Cpre d13cpre

d 13Cmeas
d"*Crcoz

13
d*°Crcoz

d3CO9=[(d*3CP"® x TCOL™™®) + (-20 x TCO,*9)/ (TCO,P"® + TCO,*Y) - d3¢cPre

d3cre dt3cPre + gt3cor 3.17
di3cmes di3cmes
d®Creoz
d¥c d®Creoz
d=c d®BCreoe IC/OC
TCO;,
d**Crcoz
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3.2.3

DfCO, “ source”
“gnk” DfCO,
fCO,
TCO, TCO,
anthropogenic CO, fCO,
1750
TCOM™® 1750 TCO2 Wallace
et a., 2001 15
d"Creop
FATS
I
1970 Brewer (1978) Chen and Millero (1979)
“ " (back-calculation) AOU TA
TCO, TCO™® 3.2.2
TCOP"® Brewer
280matm fCO, TAP®
TCO, TCO™® TCOM™® TCO™

3.18 Chen Millero

NTCO,

72



NTCO; NTCO.”"®-present  NTCO,P"®-present

NTCO,®
Apparent O, Measured Surface T,5 Nuts
Utilization TCO, Correlation
Measured Preforme :l
Alkalinity i AlKalinity
{Sutface peio; |
ﬁms 0,280
i Tee : Preindustinal
Preformed pCo.
Analysis of
Excess Tracer Date
TCO,
318 * ” Wadlace
(2001)
Chen Millero SEATS
TCOP® 3.2.2 NTCO,P"®-present
500m NTCO,"®-present Chen and Huang (1995)
NTCO; 20
NTCO,P"®-present = 2262 — 12.08 x  (+18)
2000m NTCO.P"present Chen et al. (1986) 50°S

NTCO,
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20

NTCO,P"®-present = 2239 — 11 x g (+16)

NTCO % present  100m

NTCOP" present Brewer

50-60mmol
kgt 1200m
Ommol kgt 3.19 SEATS 1200m

Sabine et al.(2002a) JGOFS/WOCE
40-50mmol kg'* 10mmol kgt
JGOFS/WOCE 1990

10

1200m
18mol m? 1990
20 mol m?, Sabine et d., 2002a
SEATS
05 0.6Gt
C 0.5%

0.97%

Il d®Creor
13
d~Crco2

322 d®3Crcoz
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-1.1  Dd¥Crco/DPOs = -1.1 ( %o

(mmol kg1)™?) GEOSECS
2000 d®Crco2  POs* d®Crcop=27
-1.1x [PO4>]
d™Crcoz mean ocean biologicdl trend,  3.20
d®Crcoz “ mean ocean biological trend”
Mackensen et al., 1996 d*®Crcoz
“mean ocean biologicd trend” Lynch-Stieglitz et d., 1995

dB3Cas = dB3C™™ + 1.IX[PO,>] - 2.7

“dBCq dBCreoz d“Creoz
TCO;, Mook et al. (1974)
Zhang et al. 1995 d®BCreo 0.1 %o
d13Cas
d=Cas “ Suess
effect” “Suesseffect”  Friedli et dl., 1986
d13C dlSC
dlSC dlSC
“ Suess effect”
d*c d®Creoz

“mean ocean biologica trend”  Ker et d. 1998 Oritzetd. 2000
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dCrcoz

“Suesseffect”  d™3Creon

Keireta. 1998 Oritzeta. 2000
SEATS d¥Crcoz PO
Pre-anthropogenic model 2000m
2000m  d®Crcor  POs*

d13CTc02 = -0.18%0PO43- = 2.86 nmol kg'l

SEATS
d“*Crcoz 0.73 %o Suess effect
1.0 %o d®Crcor 1.73
%0 Pre-anthropogenic model 1.0 %o 0.8
0.2 %o 0.8 %o Keiretal. 1998
1992 d“*Crcoz Caribbean
Sea demosponge 1992
dc Bohmetd. 1996 0.2 %o
2002 2003 1992 Suess effect
0.2 %o Sonnerup et a. 1999 16°N
345N  Suesseffect -0.02 %oyr’ x 10 =-0.20 %o
d¥C, =-0.67 x[PO,*] + 1.73
SEATS POs* d“Crcoz
3.20 d3c, PO4*
dCrcoz  d**Creoz dc, 3.20



Dd13Ca_p — dl3Cmeas _dl3cp
Dd"Cap d®BCrcoz dB3cmeas dc,

PO,> d™Crcoz

3
."”7-'\T__Mean ocean biological trend
2 1 :dlsc /
. 1 Pre-anthropogenic model
g ] !
o 1]
ES) ]
0 |
1] .
0 1 2 3
PO,* (mmol kg™
3.20 SATS d®Crcoe PO d**Creoz
mean ocean biological trend
dBCrco2 PO Pre-anthropogenic modd
Dd**Cap 321 Dd**Cap “
” 3.19 1200m
Dd™Cap 0 SEATS
1200m
d"Crcoz
TCO, DTCO;  d®Crco DdBCreop
Ker et a. (1998) Kortziger et a. (2003)
DA®Crco/DTCO;

d®Creoz
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2001) -0.016 %o(mmol kgl)'(Keir et al., 1998)

-0.024 %o(mmol kg')}(K értziger et al., 2003) HOT -0.024 %o(nmol
kg Y(Winn et a., 1994; Gruber et al., 1999) SEATS
Dd™Cap Dd3Cayp
~18000(mmol kg?) m; ~435 %om SEATS
DAd®Crcoo/DTCO, -0.024 %o(mmol kg')™? HOT
Dd™Crco2/DTCO,
d®Crcop



2002 3 2003

TA TCO, d®Crcor

SFATS
NTCO, d“Creop
NTCO,
NTCO,
NTCO,
NTCO,
NTCO,

NTCO,

177 £ 34 363 + 69 mgC m? day*

fCO,
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NTA
d*®Crcoz
NTCO,
NTCO,
NTCO,

HOT, BATS,



ESTCO “fCO2mean corrected for DT” fCO,

“fCO, at 27 ” fCO,
fCO» fCO;
fCO» fCO,
fCO,
fCO,
fCO, fCO;
Takahashi et al.(2002) SEATS HOT
BATS KNOT OSP fCO,
SEATS, HOT, BATS
fCO, KNOT,
oSsP
SEATS  HOT
SEATS HOT
HOT
DfCO, SEATS
“source’ “gnk”
-0.03+0.07 ~-0.25
+0.64 gC m?yrt 0.30+0.07 ~2.77 +0.68 gC mi® yrt 210+1.16
~5.36+297gCm?yrt -7TA7 +2.44 ~-17.04+ 557 gC m? yr!

-1.28 + 094 -2.73 + 220 gC m? yr't

SEATS “snk” HOT BATS
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45+33 96+
7.7 TgCyr! 1Tg=10%g 0.20% 0.44%
0.97%
NTCO;
SEATS
NTA NTCO, d“Crcoz
SEATS PO, NOs AOU
1000m
PO, NOs
AOU PO, AOU NO; AOU NO3
PO 100m Redfield-ratio 100m
Redfield-ratio
PO AOU Redfield-ratio 100m  POs*
AOU Redfield-ratio PO4*
NOs AOU NOs PO/
Redfield-ratio
N* 200m
NOs AOU NO; PO Redfield-ratio
200m  N*



NTA NTCO, d3Crcoz

NTA NTCO, d*3Crco

NTA 150m
150m  1600m NTA
TA 500m
500m
NTCO,
400m NTCO,
NTCO, 400m
NTCO,
NTCO, 40% 40% 20% IC/OC
04
TCO, 29%
TCO,
600m
2500m TA
TA
TA
d"*Crcoz
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dCrcoz

d13CTc02 dlSCTCOZ
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d**Creoz
1200m 18mol m?
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05 06PgC
0.5%
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Salinity P. Temp. PO, NOs
DO TA TCO;,
d*®Crcoz

ORI-639 (3/19 - 4/2/2002)
Depth Sdinty P.Temp. PO,> NOs DO TA  TCO, d¥Crco;
m  (psu) e . @M v (M) (mM) (%

5 33.29 26.47 0.05 0.00 2043 21921 18908 0.67
10 3331 26.45 0.00 0.00 204.7 21953 18940 0.66
20 33.72 25.82 0.00 0.00 2045 21865 18909 0.67
40 33.93 24.38 0.00 0.00 2126 22293 19278 0.73
60 34.40 22.19 0.16 1.83 1934 2260.7 19851 0.56
80 34.50 20.74 0.61 7.85 1470 22759 20570 0.25

100 3461 18.93 083 1177 1357 22755 20714 0.22
125 34.60 17.11 080 1317 1438 22829 20893 0.23
150 34.59 15.47 101 1459 1416 22779 20983 0.20
200 34583 13.56 133 1947 1204 22831 21355 0.14
300 3444 10.71 176 2474 1082 2301.2 2179.2 0.00
350 34.43 9.96 191 2631 1068 2300.1 2193.6 -0.09
400 34.43 9.18 *2.34 *31.97 *110.0 *2345.6 *2264.2 *-0.09
500 34.42 797 229  30.90 94.7 23193 22370 -0.10
600 34.44 6.96 245 3297 89.7 2336.7 2259.7 -011
700 3447 5.91 266 34.74 90.6 23485 22/84 -0.18
800  34.49 5.15 265  35.66 88.3 2360.1 22953 -0.25
900 3452 4.67 277 36.61 85.6 23772 23092 -0.20
1000 34.54 4.15 282  36.88 978 23791 23135 -0.18
1200 34.57 3.35 291  37.68 911 24044 23354 -0.21
1400 34.59 2.90 276 3584 1014 24167 23445 -0.20
1600 34.61 2.61 282 3864 *88.79 24239 23483 -0.18
1800 34.61 243 293 3852 1100 24238 23472 -0.26
2000 34.62 2.34 286 3810 105.0 24241 23482 -0.21



2200 34.62 2.25 292 3842 107.7 24237 23480 -0.16
2400 34.62 2.18 287 3853 1095 24228 23488 -0.17
2600 34.63 2.16 287 3842 1123 24161 23478 -0.22
2800 34.63 2.14 287 3830 1127 24221 23458 -0.19
3000 34.63 212 287 3842 1136 24170 23443 -0.18

ORIII-794 (6/30 - 7/4/2002)

Depth Sdinty P.Temp. PO, NOs DO TA  TCO, d¥Crco;
m  (psu) e M @M (M) (M)  (nM) (%

2 33.61 30.73 000 000 *1550 2220.7 1893.7 0.79
10 33.63 30.52 n.d. n.d. 197.0 *2256.5 *2009.6 *0.49
20 33.61 2038 *054 *6.71 *197.0 *2301.8 *2149.2 *0.26
40 33.76 26.56 0.05 0.00 2155 2219.0 19070 0.82
60 34.09 24.33 n.d. n.d. 2110 22564 nd 0.90
80 34.24 22.86 0.10 5.69 176.7 *2270.4 19705 048
100 34.42 20.78 055 881 156.0 22615 2036.1 041
125 34.59 17.96 083 1206 1419 22764 20622 0.27
150 34.59 16.51 099 15.08 1374 22850 20750 0.15
200 34.57 14.88 1.09 1525 1419 22812 21056 0.27
250 34.50 12.90 1.30 1967 1410 22865 21250 0.20
300 34.45 11.56 n.d. n.d. 131.0 22981 nd 0.12
400 34.42 9.30 193 2614 1148 23115 2199.2 -0.09
500 34.42 7.85 224 3271 1025 23226 22260 0.03
600 34.43 7.28 234 33.86 95.8 23345 22424 -011
700 34.45 6.26 250 3511 944 23516 22700 -0.14
800 34.48 5.31 260 34.14 90.8 2369.8 2286.8 -0.20
900 3451 4.67 276  39.89 87.2 23762 23106 -0.21
1000  34.53 4.22 281 37.95 89.0 23882 2317.2 -0.19
1200 3455 3.55 *¥2.65 *3431 950 n.d. n.d. -0.13
1400 34.59 2.86 n.d. n.d. 100.0 24239 nd. -0.19
1600  34.60 2.64 291 *4122 109.8 24239 23490 -0.21
1800 34.60 2.46 *¥2.65 *35.03 103.0 24232 nd. -0.20
2000 34.61 2.36 275 *3449 106.0 n.d. n.d. -0.23
2200 34.61 2.27 286 3874 1116 24240 23435 -0.21
2400 34.61 221 286 3821 1143 24273 23447 -0.18
2600 34.61 2.17 *2.65 *33.63 1170 n.d. n.d. -0.20
2800 34.62 214 286 3812 1134 24222 23460 -0.14

100



ORI-656 (8/31 - 9/6/2002)
Depth Sdinity P.Temp. PO, NOs DO TA  TCO; d¥Crco:
(m  (psu) 9 @ @M ©mM) M) (nM) (%

5 33.68 29.58 0.00 0.00 2020 22171 18978 071
10 33.67 29.40 0.00 0.00 2020 22095 18975 0.79
20 33.67 29.39 0.00 0.00 209.2 22190 18976 0.73
40 33.63 28.39 0.00 0.00 2065 22141 18988 0.68
60 33.82 26.35 0.05 0.00 2033 22419 1911 0.70
80 34.22 22.44 0.37 6.77 162.2 22510 20175 0.36

100 34.33 21.18 069 1224 1364 22586 20532 0.16
125 3450 19.19 074 1321 1355 22679 20659 0.19
150 3459 1751 090 1482 1369 2281.0 20885 0.21
200 34.57 15.10 111 16.76 1414 22819 21108 0.24
250  34.49 12.85 120 1796 1419 22872 21341 012
300 34.46 11.58 152 2087 1346 22871 21561 0.06
350 34.43 10.50 178 2458 1120 22963 21842 -0.03
400 34.42 9.67 194  27.03 940 2300.7 21979 -0.03
500 3441 8.45 215 2985 100.7 2321.3 22234 -0.13
600 34.42 7.30 225 3222 949 23315 22493 -0.16
700 3444 6.35 251  34.05 89.0 23455 22704 -0.16
800  34.47 5.62 257 3521 89.9 nd. 22850 -0.17
900 34.49 4.87 262  36.37 90.3 2380.3 2299.7 -0.14
1000 34.51 4.39 267 36.64 91.7 23754 23113 -0.14
1200 34.55 3.47 281  37.90 931 2404.7 23319 -0.23
1400 34.57 3.00 287 3844 96.7 *2426.8 2343.7 -0.19
1600 34.59 2.66 281 3848 1044 24145 23438 -0.18
1800 34.59 244 287 3830 1080 24191 23419 -0.14
2000 34.60 2.33 287 3848 1084 2421.2 23458 -0.23
2200 34.60 2.25 287 3866 109.8 2422.1 23483 -0.19
2400 3461 2.20 287 3852 1116 24190 23464 -0.15
2600 34.61 2.16 281 3857 nd. 24192 23449 -0.17
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2800 34.61 2.13 281 3884 1148 24215 23443 -0.22
3000 34.61 211 287 3870 1157 nd. 23438 -0.13

ORI-664 (11/9 -11/15/2002)

Depth Sdinty P.Temp. POs NOs DO TA  TCO, d¥Crco;
(m  (psu) e v MM M) (M)  (mM) (%
5 3337 2737 002 000 2041 22039 18888 0.75
10 3337 2737 005 000 2054 21985 18874 0.75
20 3337 2737 003 000 2049 21977 1887.7 *0.33
40 3337 2737 003 000 2047 21766 1888.7 *0.53
60 3340 2739 003 000 2026 22359 19190 0.89
70 3434 2609 010 053 1948 22670 19615 0.84
80 3454 2453 012 232 1854 22698 1989.3 0.67
100 3446  22.04 062 954 1447 22580 20349 0.29
150 3457 17.08 096 1485 131.2 22680 20905 0.12
200 3456 1506 1.03 1494 1514 22845 21020 0.22
400 3442 1016 180 2557 1143 22979 21866 -0.11
600  34.42 745 241 3272 903 23380 22511 -0.16
800  34.45 582 252 3478 894 23541 22808 -0.18
1000  34.50 471 272 3623 903 23793 23066 -0.22
1200 34.54 370 277 3709 962 23940 23282 -0.18
1500  34.57 285 282 3780 998 24231 23456 -0.26
2000 34.59 237 282 3854 1080 24192 23454 -0.22
2500 34.60 217 282 3833 1127 24253 23460 -0.17
3000 34.60 211 282 3813 1152 24131 23404 -0.16
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ORI-673 (/17 -1/23/2003)

Depth Sdinity P.Temp. PO, NOs DO TA  TCO; d¥Crco:
(m  (psu) 9 @ @M ©mM) M) (nM) (%

5 33.69 23.90 0.15 0.47 2149 22178 19250 067
10 33.69 23.89 0.05 0.38 216.0 22284 19232 0.65
20 33.69 23.85 0.05 0.43 2160 2221.0 19229 0.69
40 33.70 23.84 0.05 0.45 2158 22189 19224 0.64
50 33.80 23.84 0.05 0.36 2088 22204 19245 0.62
60 33.88 23.85 0.07 0.29 2101 22276 19334  0.67
80 34.17 23.39 0.15 247 179.8 22480 19339 0.59

100  34.60 20.93 0.42 6.92 161.8 22748 2021.8 0.48
125  34.65 18.88 0.56 8.52 159.0 22751 20450 0.40
150 34.62 16.53 090 1315 1493 22822 20721 0.28
200 3454 1411 119 1683 1414 22806 2100.2 031
250 3445 11.94 148 2164 1360 22856 21445 0.16
300 3441 10.41 179 2609 1211 2297.7 21762 0.09
400 34.40 8.83 214 2936 1080 23121 22082 -0.01
500 34.40 7.63 232 3219 1014 23276 22390 -0.02
600 34.43 6.69 245 3434 90.0 nd. 22594 -0.10
800  34.47 5.17 270 3746 *723 23654 22944 -0.19
900 3451 4.40 276 3792 931 23871 nd. -0.19
1000 34.52 3.97 286  39.12 920 23919 23230 -0.20
1200 34.55 3.29 281 3921 953 24106 2333.7 -0.17
1400 34.57 2.85 286 3934 101.6 24137 23405 -0.19
1500 34.58 2.68 286 3842 98.0 24235 23353 -0.17
1600 34.58 2.53 286 39.77 1089 24120 23354 -0.17
1800 34.59 241 286 4092 1053 2419.1 23432 -0.16
2000 34.59 2.32 286 3877 108.0 2420.1 23421 -0.17
2500 34.60 2.16 n.d. n.d. 1075 24203 23420 -0.15
3000 34.60 211 286 3935 1125 24177 23418 -0.11
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ORI-674 (3/3 -3/9/2003)

Depth Sdinty P.Temp. PO, NOz DO TA  TCO, d¥Crco;
(m  (psu) ¢ @ @M (M) (M) (M) %

5 3350 2584 000 000 *191.1 2199.6 18984  nd.

10 3350 2584 000 000 2142 22035 nd. 0.68

20 3350 2580 000 000 2164 21976 18982 0.68

40 3394 2402 000 000 *180.7 2231.2 19223 081

50 3408 2369 000 000 2246 22380 19334 0.78

60 3417 2337 000 000 *152.7 22528 19417 0.80

80 3440 2277 005 144 2061 22604 19702 0.76

100 3456 2175 025 577 1785 22738 20123 0.46

150 3465 1724 070 1209 1545 2277.7 20742 0.34

200 3457 1469 115 1805 1315 22850 21172 0.15

400 3442 874 199 2882 1098 23068 22096 -0.02
500 3443 753 230 3134 998 23301 22375 -0.02
600 3444  6.62 240 3227 100.7 23366 22512 -0.07
800 3448 513 260 3537 967 23687 22893 -0.10
1000 3454  4.07 281 3692 958 23968 23204 -0.15
1500 3460  2.72 286 3834 994 24185 23474 -0.23
2000 3462 232 2.86 3807 1084 24237 23476 -0.14
2500 3462 217  *271 *3621 *980 *2403.7 *23245 nd.

3000 3462 211 281 3688 1080 24238 23466 -0.25

ORIII-859 (4/10 - 4/14/2003)

Depth Sdinity P.Temp. PO,s> NOs DO TA  TCO; d®Crco;
(m () e m m M ™M "M
2 3340 2835 nd nd nd. 22003 nd. 065
5 3340 2820 nd nd nd. 22029 18873 061
10 3340 2804 nd nd nd. 21987 18860 0.62
20 3341 2792 nd nd nd. 22155 18941 0.60
40 3394 2605 nd nd nd. 22486 19799 0.83
60 3433 2359 nd nd nd. 22476 19464  0.89
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80 3466 21.09 nd  nd nd. 22556 19966 057
100 3475 1919 nd.  nd nd. 22723 20477 0.33
120 3481 1779 nd. nd. nd. 22736 20723 0.19
150 3470 1613 nd. nd. nd. 2280.7 20868 0.14

ORI-690 (8/5 - 8/10/2003)

Depth Sdinty P.Temp. PO,> NOs DO TA  TCO, d¥Crco;
m  (psu) e v (@M (M) (M) (MM) (%
5 3377 2957 005 000 1979 22211 19047 0.83
10 3384 2949 005 000 1979 22253 19059 0.88
20 3387 2821 005 000 2051 22262 19139 0.80
40 3397 2630 005 000 2079 22316 19285 0.80
50 3419 24.36 n.d. n.d. nd. 22474 1969.6 0.64
60 3443 2189 020 206 180.7 22638 2002.7 0.56
70 3451 2103 n.d. n.d. nd. 22628 20248 0.42
80 3456 1993 051 784 1568 2266.7 2039.3 0.30
90 3461 19.01 n.d. n.d. nd. 22735 20547 0.32
100 3460 1933 059 868 1559 2277.0 2047.8 0.32
125 3462 1797 0.82 1103 1477 22778 20674 0.17
150 3460 1639 092 1303 147.3 22789 20833 0.23
200 3454 1416 123 1666 1355 22846 21193 0.17
300 3445 1142 169 2194 1220 22946 21657 0.02
400 3441 948 205 2663 1084 2307.1 2200.8 -0.06
500 3441 823 225 2872 1035 23196 22284 -0.07
600 3443  7.24 246 3180 994 23371 22510 -011
700 3444 656 256 3317 903 23467 2266.1 -0.12
800 3447 578 266 3466 940 2360.7 22830 -0.09
900 3449 533 266 3605 872 2369.6 22921 -0.19
1000 3451 477 277 3674 879 23766 23050 -0.17
1200 3455  3.74 287 3711 994 23978 23209 -0.17
1500 3458  3.01 292 3841 967 24096 23429 -0.22
2000 3460 255 292 3863 1035 24213 23442 -0.16
2500 3461  2.38 287 3829 1102 24301 23434 -0.20
3000 3461 235 287 3821 1138 24204 23417 -0.16

*: data questionable; n.d.: not determined
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Abstract

Analyses of total carbon dioxide (TCO;) and titration akalinity (TA) in the
mixed- layer was performed approximately bimonthly at the SEATS time series site
(18°15'N, 115°35'E) in the northern South China Sea (SCS) from March 2002 to April
2003. These measurements and the calculated-fCO, were then used to estimate the
annua air-sea flux of CO, at the site. Results show that the normalized TCO;
(NTCO, = TCO, x 33.5/S) fluctuates seasonally between ~1888 and ~1910 mmol kg?,
with the highest value in winter. The decline of NTCO, inspring-summer mainly
results from in situ biologica utilization, while the resurgence of NTCO; in
fal-winter is due to entrainment of the CO,-rich subsurface waters from below. TA
varies from ~2190 to ~2220 mmol kg! in tandem with salinity, suggesting the
oscillation of prime control of physical processes. fCO; increases progressively
from spring to summer, reaches the maximum in July (~382 matm), then decreases
fromfal to winter to the minimum (~347 matm) in January with an amplitude of ~35
nmatm. The seasona variability of fCOzisin phase with temperature changes but is
inversely correlated with the fluctuation of NTCO,, suggesting that the fCO,
seasonality is primarily controlled by temperature changes, though other factors have
compensated partialy to yield the observed low amplitude of its variability. DfCO»

(FCOx(seawater) - FCO2amosphere) iNCreases gradually from spring to summer followed by
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aprogressive decreaseto fal and winter. The maximal positive and negative DfCO,
occurs in summer (~ +20ntam; July 2002) and winter (~ -15ntam; January 2003),
respectively. Throughout the year, the annual sea-to-air CO, flux is estimated to be
-1.28+0.94 ~ -2.73+2.20 gC m? year}. Furthermore, athough the drawdown of
NTCO, from winter to summer (21nM) implies a primary production of 177+34 ~
363+69 mgC mi? day ! in the mixed layer at the SEATS site, other sources of nitrogen
required to sustain the new production remain usive.

(Key words: carbon dioxide, air-seaflux, time-series, South China Seq)
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1. Introduction

For the past two decades, enormous research efforts tave been made in an

attempt to better quantify the spatial and temporal variability of CO, fluxes between

the atmosphere and the oceans. One of the most direct methods to measure the

fluxes is to carry out long-term time-series measurements in the world oceans. In

the late 1980s, the Bermuda Atlantic Time-series Study (BATS; 31°50' N, 64°10° W)

and the Hawaii Ocean Time-series program (HOT; 22°45' N, 158°00° W) were

established in the subtropical Atlantic and Pacific, respectively. Results from these

long-term oceanic time-series observations have greatly improved our knowledge of

processes modulating the CO, exchange between the atmosphere and the upper

oceans (Winn et a., 1994; 1998; Bates et al., 1996; Bates, 2001; Gruber et al., 2002;

Dore et a., 2003). The genera consensus has been that the temperate and polar

oceans of both hemispheres are major sinks for atmospheric CO,, while the equatorial

oceans are major sources for CO, (Takahashi et d., 1997; 2002). However, in order

to gain a better air-sea CO, flux scenario on a global scale, time-series observations

fromother key regions in the world oceans isrequired (Fedly et a., 2001; Karl et d.,

2001; Quay, 2002). Among these, the South East Asia Time-series Study (SEATS;

18°15 N, 115°35 E; Fig. 1) in the northern South China Sea (SCS), a semi-enclosed

marginal sea off the Asian continent in the western Pacific, is critical (Shiah et al.,
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1999).

This study reports the first observatiors of the carbon system in the mixed- layer

a the SEATS site from March 2002 to April 2003.  Although the results are based

on just alittle over a year’ s measurements, the observed seasonality and the processes

controlling its variability are believed to be representative and thus contribute to a

better synthesis of the oceanic CO-, flux on agloba basis.

2. Methods

2.1. Sampling and analysis

During the course of this study, the SEATS site has beeninvestigated aboard the

R/V Ocean Research | and Il in March, July, September, and November 2002, as

well as January, March, and April 2003. On board, temperature and salinity were

recorded with a CTD (SeaBird Inc. model 911 plus). All raw data and other

pertinent measurements are kept on file in the SEATS time-series database of the

NCOR (National Center for Ocean Research). Interested readers should contact Dr.

C. M. Tseng at the NCOR for data requests. Discrete water samples at depths of 5,

10, 20, 40, 60, 80, 100, 125, 150, and 200 m were sampled and transferred into 250

ml BOD bottles from Go-Flo bottles mounted onto a Rosette sampling assembly

(General Oceanic Inc.). All water samples are poisoned with 50 m saturated HgCh
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solution immediately after sampling and stored a 5°C in darkness to prevent

biologica dteration (DOE, 1994).

Determinations of TCO, and TA follow the standard operating procedures

described in DOE (1994). For TCO, analyss, the single operator multiparameter

metabolic analyzer (SOMMA) system was used to control the pipetting system and

extractionof CO, from seawater samples. The CO, gas was then measured by a

coulometric detector (UIC, Coulometric Inc., model 5011) (Johnson et a., 1993).

TA was determined by the potentiometric titration method (Bradshaw et al., 1981,

Millero et al., 1993; DOE, 1994). The set-up of the titration system is composed of

a Radiometer pH meter (pHM-85), a GK 2041C combination electrode, an

autoburette  (Metronm 665 Dosimat), an open titration cell, and a

temperature-controlled water bath at 25£0.05°C. A specific amount of seawater

(~150g) was first dispensed into the cell, and then titrated with hydrochloric acid by

passing the carbonic acid endpoint. The acid titrant, approximately 0.1 N

hydrochloric acid, was prepared in a NaCl solution with an ionic strength similar to

that of seawater of 0.68. Titration data passing the carbonic acid endpoint (~4.5 pH)

were used to calculate TA, using a proton condition to define TA (Dickson 1981,

1992; Butler, 1992). TCO, and TA were normalized to the averaged surface water

salinity of the SCS (33.5) in order to eliminate the evaporation/precipitation effect,
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and are denoted as NTCO, and NTA, respectively.

Seawater references (batch number #51) prepared and provided by A. G.
Dickson are used throughout this study for assessing the accuracy of our TCO, and
TA measurements. Differences between the certified values (2050.28+0.03 and
2269.86+0.78u mole kg for TCO, and TA respectively) and our measurements are
less than 2 nmol kg* and 3 nmol kg* for TCO, and TA, respectively. Precisiors of
the TCO, and TA analyses, estimated by repeated measurements of deep-water
samples from 2000-3000m on each cruise, are better than +2 mmol kg and +2.5
mmol kg?, respectively. Finadly, the fugacity of CO, (fCO,) is computed from
temperature, sainity, TCO,, TA, phosphate and silicate data for samples collected
from each cruise using the software program of Lewis and Wallace (1998), in which
the carbonic dissociation constants are adopted from Mehrbach et al. (1973) and
refitted by Dickson and Millero (1987). It is worth mentioning, however, that
phosphate and silicate are amost undetectable at mmolar levels in the mixed-layer at

SEATSdte The eror of the calculated fCO, islessthan +5 matm.

2.2. Correction for temperature effect on fCO,

In this study, the extent of temperature effect is assessed using the equation of

Takahashi & d. (2002):
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fCOZ at Tobs = (qu a’]nud fCOz) X eXp[OO423(Tobs'Tmean)] (1)

where T is temperature in °C, and the subscripts “mean” and “obs’ sand for the

annual average and observed values, respectively. In our calculations, we use the

averaged values of fCO, (364 rmatm) and temperature (27 ©C) measured throughout

the period of this study asthe mean. The resultant fCO,, designated as “fCOzmen

corrected for DT”, are the expected fCO, values that are only affected by temperature

if a parcel of water with a fCO, value of 364 natm are subjected to seasonal

temperature changes (the difference between observed and annual mean temperature)

under constant TA and TCO,. Moreover, in order to further discern other factors

besides temperature that may affect fCO, changes, we normalized the observed fCO,

to a constant temperature using the following equation (Takahashi et d., 2002):

fCOZ at Tmean = (fCOZ)ObS X eXp[OO423(Tmean‘Tobs)] (2)

where T and the subscripts “ mean” and “obs’ are defined as the same as those in Eq.

).

2.3. Calculation of XCO;, and air-sea CO, exchange flux

Since there are no direct measurements of atmospheric fCO, at SEATS, we
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adopted 361.7 natm as the atmospheric fCO, in our caculations. The value is
modified from the average value of 370.89 ppmv reported at Mauna L oa Observatory
for 2001 (Keeling and Whorf, 2002) after corrections for the equilibrium water vapor
pressure at the temperature of 27 °C and a salinity of 33.5 (i.e. the annual mean
temperature and sdinity of the surface water at SEATS). Vaues of DfCO; in
different seasons are derived as follows: spring (March, April and May) value is the
mean DfCO; of the observed data in March 2002 and 2003 as well as April 2003;
summer (June, July and August) value is the observed DfCO, in July 2002; fal
(September, October and November) value is the average of DfCO, in September and
November 2002; winter (December, January, February) value is the observed DfCO»
in January 2003. The net seato-air CO, flux, F, is then computed using the
following equation:

F =K x (DfCOy) ©)
where K is the CO, gas exchange coefficient, and DfCO, is fCOzscanae) -
fCO2@mosphere).  The seasonal wind-speed data at a 10m height are computed from
monthly average values for 1985-1999 from the ECMWF database (Liang, et a.,
2000). Furthermore, results calculated from formulations of Liss and Merlivat
(1986), Tans et a. (1990), and Wannikohf (1992) are compared to show the range and

uncertainty of the CO, flux estimates.
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3. Results and discussion

3.1 The seasonal hydrography at the SEATS site

The relationships between potential temperature and salinity from different
cruises at the SEATS site aredepicted in Fig. 2. They are consistent with the general
features reported previously for the South China Sea water (Gong et al., 1992; Chen
and Huang, 1996; Shaw et al., 1996; Lin et al., 1999; Chen et al., 2001; Wong et al.,
2002), and have been used frequently to distinguish them from other water masses
(e.g. the Western Philippine Sea water) upon mixing. As shown in Fig. 2, the SCS
waters are characteristic of both a distinct shalow salinity maximum
(5>34.6; sq=~24.5) at approximately 150 mand a pronounced minimum (S= ~34.4;
Sq=~26.8) at about 350m The former is indicative of the North Pacific Topical
Water, while the later fingerprints the core of the North Pacific Intermediate Water
(Nitani, 1972). Beow 15°C (which corresponds to a depth of about 200m), data from
the seven cruises are indistinguishable from each other throughout the year. On a
closer examination, Fig. 2 further shows sea surface temperature is moderately high
(~26 °C) in March 2002, increases gradually to a maximum of ~30°C in July 2002,
then decreases to a minimum of ~24° C in January 2003, and rebounds back to ~28°C

in April 2003, giving a total range of ~6 °C year-round. In the meantime, salinities
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fluctuate between 33.4 and 33.7 with higher values in summer and winter and lower
values in spring and fall. Thus, the seasona variability of temperature and salinity
a the SEATS site appears to be confined within the upper 200m of the water column

and characterized by the summer heating and winter cooling.

3.2 The seasonal patterns of TCO,/NTCO,, TA/NTA and fCO, in the mixed-layer

In this study, depths of mixed-layer and data of TCO,/NTCO-, TA/NTA, and the
calculated-fCO, from each cruise are averaged to depict their overall seasonality in
the mixed-layer at the SEATS dsite (Fig. 3a-f). As seenin Fig. 3a, the mixed-layer
depth, defined as “(s g & the bottom of mixed-layer - sqa 10 m) > 0.1 kg m”,
remains relatively constant between 20-30m until late fall (November), then reaches
the maximal depth of ~90 min January. The deepening of mixed-layer from late fall
to winter is caused by the vigorous vertical mixing induced by the winter cooling and
increased wind stress as a much stronger northeast (winter) monsoon prevails in the
SCS during this season (Liu et a., 2002). A similar monsoortinduced temperature
forcing and convective mixing during northeast monsoon and inter- monsoon seasons
are also observed in the central Arabian Sea (Goyet et a., 1998; Sarma et al., 1998;
2000).

TCO, remains fairly constant from ~1887 to ~1898 nmol kg* throughout the
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period of this study except for the highest value of ~1925 nmol kg* in winter (Fig.

3b). The TCO, maximum thus coincides with the deepening of the mixed-layer (Fig.

3a) and the winter cooling. Such a close association suggests that the strong

northeast monsoon not only causes vigorous downward mixing to deepen the

mixed- layer but also brings in more cold, CO,-rich subsurface waters from the deep.

The drawdown of NTCO, in spring-summer (Fig. 3c) manifests the biological uptake
in the mixed-layer. Similar observations were also reported previoudly at time-series
dationsof BATS (Baeset d., 1996) and HOT (Winn et d., 1994).

Fig. 3d shows the seasonal variability of TA measured in the mixed-layer at
SEATS site.  TA valuesvary from ~2190 to ~2220 nmol kg* with higher values in
January, July and September and lower values in March, April and November. The
observed seasonal oscillation of TA is thus controlled primarily by the same factors
affecting salinity. A similar relationship between TA and sdinity is also
documented at BATS and HOT sites (Winn et al., 1994; Bates et al., 1996).
However, as revealed in Fig. 3e, NTA remains varying throughout the year,
suggesting the potential contribution of the formation and/or dissolution of CaCOg3
and the consumption and/or remineraization of nitrate to the observed NTA
vaiability.

A strong seasonality with an amplitude of ~35 natm during the yearly cycle is
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found in the mixed-layer fCO, at the SEATS site (Fig. 3f). The fCO; increases
progressively in spring to summer with the maximum in July (~382 matm) followed
by a decrease in fal to winter with the minimum (~347 matm) in Jnuary. The
seasona changes of fCO, are closdly in phase with temperature (Fig. 3f) but are
inversely correlated with NTCO, (Fig. 3c). These relationships suggest that the
variation in fCO, a SEATS is controlled ultimately by seawater temperature change,

and will be examined in detall in the following sectiors.

3.3 Processes controlling the mixed-layer fCO, at the SEATS site

Fig. 4 depicts graphically the seasonal variability of “ fCOzmen corrected for DT,
the observed fCOg, and “fCO, a 27°C’ at the SEATS site.  As can be seen, the
magnitude of seasonal variation of the “ fCOznen corrected for DT” is greater than the
observed seasonal fCO fluctuation and the “fCO, a 27°C’ and the “fCO2men
corrected for DT’ are inversely correlated. These relationships imply that the
temperature effect on the seasonal variability of fCO, must have been compensated in
part by other factors to yield the observed smdler amplitude.

These factors other than temperature include biological processes, air-sea
exchanges of CO, and vertical transport of subsurface waters. Although it is

difficult to discern their respective effects on the seasonal fCO, oscillations, the
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decrease in “fCO, at 27°C” from winter to summer (the warming period) can be
attributed chiefly to biological effects because both the upward transport of
subsurface waters and the air-sea CO, exchange are minimal during this period of
time. The shoaling of the mixed-layer during warming period (Fig. 3a) results ina
stronger dtratification that, in turn, prevents subsurface waters underneath the
mixed-layer from moving upward. To further estimate the extent of biological
effects on the mixed-layer 1CO,, we will use the “fCO; a 27°C’ in January 2003 and
July 2002 as winter and summer values, respectively, in the following discussion.
Accordingly, the decline of “fCO, a& 2/°C’ fromwinter to summer is ~60 matm (Fig.
4), yet the drawdown of TCO; is only about one-half of that figure (~30 nmol kg;
Fig. 3c). Using a Revelle factor of 10 (Takahashi et al., 1993), the observed drop in
TCO; is calculated to be equivalent to a decrease of fCO, of ~55matm. The close
agreement between the measured difference and the hypothetical value (60 vs. 55
nmatm) thus confirms the aforementioned biological utilization responsible for the
decrease of “fCO, at 27°C” during the warming period.

On the other hand, the increase of “fCO, & 27°C” from summer to winter (the
cooling period) mainly results from the entrainment of subsurface water from the
deep. Assuming the biological effect is as same as that of the warming period (i.e.~

-60 nmatm) and the effect of air-sea exchange is negligible on the fCO, variation
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during the cooling period, a smple mass-balance calculation shows that the
entrainment of the subsurface water will lead to an increase of fCO, of +120 nmatm in
the mixed- layer during this period, providing that the temperature effect on the fCO-
change is about -90 matm (i.e. the difference of “fCOzmean corrected for DT” between

July 2002 and January 2003; Fig. 4) and the observed fCO, change is about - 30mam.

3.4 Assessing the lative importance of the biological and temperature effects on

seasonal fCO;, variability at the SEATS site

The relative importance of the temperature and biological effects on
surface-water fCO, can be evaluated in terms of (T/B) and/or (T-B), in which (T/B) =
[(DfFCO2)temp / (DFCO2)bio] and/or (T-B) = [(DFCO2)temp- (DFCO2)pio] (Takahashi et d.,
2002). According to the authors, the biological effect, (DfCO,) o, ON the
surface-water fCO, can be represented by the seasonal amplitude of “fCO; at Tmen”,
i.e. (DfCO2)pio = (FCOz at Tmean)max — (FCO2 at Tmean)min, While the temperature effect,
(DFCO2)temp, can be estimated from the seasonal magnitude of the “ fCOzmean coOrrected
for DT”, i.e. ODfCO2)temp = (FCOomean coOrrected for DT)max — (FCO2zmean COrrected for
DT)min. In any given oceanic regime, if the effect of temperature exceeds the
biological effect, the (T/B) ratio is greater than 1 and the (T-B) is positive, whereas in

areas where the biological effect appears to surpass the temperature effect, the (T/B)
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ratio varies from 0 to 1, and the (T-B) is negative. In areas where the two effects are
equaly important and cance each other out, the (T/B) ratiois 1 and (T-B) is 0.

Fig. 4 shows that the maximum and minimum of “fCO; a 27°C" at the SEATS
site are ~395 and ~333 matm, respectively, while the maximum and minimum of the
“fCOomean corrected for DT” are ~415 and ~318 matm.  The maxima changes of
(DfFCO2)bio and (DFCO2)temp, therefore, are ~62 nmatm and ~97 natm, respectively.
Accordingly, the (T/B) ratio and the (T-B) difference are calculated to be 1.6 and 35
natm, respectively. The results thus indicate that temperature overwhelms the
biologicd effect on regulating the mixed-layer fCO, a the SEATS site.

A comparison of our results with those from other time-series stations (.g.
HOT, BATS, KNOT and OSP) isshown in Table 1. Itisevident that the effect of
temperature surpasses the biological effect at all of the subtropical time-series stations
(SEATS, HOT and BATS), while the opposite is evident for stations located at high
latitudes (KNOT and OSP). The contrast is attributed to the fact that the
nutrient-rich surface waters in high latitudes usually are high in biological production
and tend to reinforce the biological effect on regulating the fCO, in the mixed- layer.
It should be noted that both temperature (97 vs. 59 nmatm) and biological (62 vs.
23 matm) effects on the fCO, in the mixed-layer at the SEATS site are greater than

those at HOT, despite the fact that both sites are situated at similar latitudes in the
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oligotrophic oceanic regime, and are constrained presumably by similar temperature

and biological effects (Table 1). The discrepancy may be attributed to the vigorous

vertical mixing during strong winter monsoon in the South China Sea as cold,

nutrient-laden, CO,-rich subsurface waters entrains from deep to cause a greater

amplitude of temperature and biologicd effects on the surface water fCO..

3.5 The seasonal pattern of CfCO, and air-sea exchange of CO, at the SEATS site

Fig. 5 shows the seasonal variability of DfCO, a SEATS site, in which the

maximum positive and negative DfCO, occur in summer (~ +20ntam; July 2002) and

inwinter (~ -15nmam; January 2003), respectively. In other words, there has been an

efflux of CO, from the SCS in summer and fall but an influx of CO, into the surface

SCS in winter. The seasonal variability aso reveds that the DfCO, increases

gradually from spring to summer, and then decreases progessively from fall to winter.

Vaues of the calculated seato-air CO, flux a the SEATS site using different
formulations (see method section) are listed in Table 2. As seen, they vary
remarkably in different seasons and depend on which formula is used in calculations,
ranging from -0.03+0.07 to -0.25+0.64 (spring), +0.30+0.07 to +2.77+0.68 (summer),
+2.10+1.16 to +5.36+2.97 (fall), and - 7.47+2.44 to -17.04+5.57 (winter) gC m? year .

It further shows that the annual sea-to-air CO; flux is dominated by the influx of CO,
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from the atmosphere onto the surface waters in winter. It is worth pointing out that
despite of the positive DfCO, in summer, the modest wind speed results in arelatively
small CO, efflux.  In contrast, the high wind speed in winter gives rise to higher CO,
influx regardless of the smaller DfCO,. The annual seato-air CO; flux at the
SEATS site is estimated to be around - 1.28+0.94 to - 2.73+2.20 gC m? year ! (Table 2),
and is in good agreement with that reported previously by Takahashi et a. (2002) in
the SCSregion (~ 0to0 -4.8 gC m? year ).

Similar seasonal patterrs have also been documented at BATES and HOT (Winn
et d., 1994; Bates, 1996). Our estimates, however, are lessthan -8.4 gC m? year
found at HOT (Winn et a., 1994) or -3.0to -7.2 gC m? year* found at BATS (Bates
et d., 1998). The lower vaues at SEATS can be attributed to the higher sea surface
temperature at SEATS, which increases fCO; in the surface water and depresses the
capacity for CO, uptake, and the general upwelling circulation in the SCS (Chao et al.,
1996; Chen et a., 2001). Findly, if the estimated annual sea-to-air CO; flux at
SEATS are extrapolated to the entire SCS (3.5x10° kn?), it could take up
4.5+£3.3~9.617.7 Tg C per year, i.e. only about 0.20+£0.15 to 0.44+0.35% of the total
CO, uptake by the global oceans (~2.2 Pg C yr*; Takahashi et a., 2002). These
values are small, considering the SCS' s share that occupies 0.97 % of the total ocean

area. The small fraction of CO, uptake estimated for the SCS in this study, however,
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is consistent with the small percentage of CO, inventory reported by C.T.A. Chen et
d. (2004), in which the SCS contains 0.6:0.1 Pg C of anthropogenic CO,, while the

globa ocean inventory is about 100 Pg C.

3.6 Estimate of net community production and the “ mysterious carbon drawdown”

In our previous discussion we attributed the decrease of NTCO, and the
drawdown of “fCO, at 27°C” from winter to summer to the biological uptake. The
net amount of NTCO, consumed biologicaly in the euphotic zone during this period
can be regarded as the difference between primary and regenerated productiors, i.e.
new production. The observed magnitude of DNTCO; between winter and summer
a SEATS during the period of this study & about 21 nM (Fig. 3c). Assuming a
mean mixed- layer depth of 50m, the net biological CO; utilization in the mixed- layer
can be calculated to be about 1.05+0.20 mole C m?. Since this vaue only
represents the phytoplankton growth over the first six months in ayear, the annua
new productivity would be about 2.1+0.40 mole C m? yrl. In a thorough
investigation of the roles of nitrogen in modulating phytoplankton growth in the SCS,
Y.L. Chen et al. (2004) note a great variability of primary production between 180
and 330 mgC m? day! in March 2000 and 2001, respectively, whereas the new

production remains constant at 60-70 mgC m? day’. On the basis of these values,
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the authors further report an f-ratio of 0.39 and 0.19 in March 2000 and 2001,
respectively. Taking these f-ratios and the above annual new production rate of 2.1
mole C m? yr?, the primary productivity are caculated to range from 177+34 to
363+69 mgC m? day®. Using a modeling result and the data from SeaWiFS ocean
color images, Liu et al. (2002) reported an annual mean primary productivity in the
SCS of 280-354 mgC m? dayl. Our estimated primary productivity using carbon
data in this study is thus consistent with their results, and confirms the importance of
biological utilization in controlling the observed seasonal drawdown of “fCO; a
27°C" and NTCO; from winter to summer & the SEATS stein the South China Sea
Nonetheless, nitrate concentratiors in the mixed-layer a SEATS site are
undetectable except a trace of 0.5 mmol kg* found in January during the course of
this study. The observation of no measurable nitrate in the mixed-layer during
spring and summer is also reported by Wong et a. (2002) and Y.L. Chen et al. (2004).
The continuous decrease of NTCO; in the absence of measurable nitrate, the
so-called " mysterious carbon drawdown”, observed in this study has also been
observed at BATS and HOT time-series stations (Michaels et a., 1994; Bates et al.,
1996; Karl et a., 1997). A recent globa ocean analysis further shows that such a
phenomenon is a common feature for all tropical and subtropical marine habitats (Lee

et a., 2001). Moreover, it has been shown that in seawaters of low-nitrate
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concentrations the C:N ratio utilized by marine organisms be very different from the
conventional Redfield (Copin-Montégut, 2000; Michaels et a. 2001). Assuming a
C:N ratio of 16 (ref. Copin-Montégut, 2000), the utilization of 0.5 M nitrate can
only sustain 8 mM of NTCO, drawdown, i.e. only 38% of the overall drawdown of
NTCO, (21nM; Fig. 3c) measured between winter and summer.

It thus appears that other sources of nitrogen from processes such asthe nitrogen
fixation, riverin inputs, vertical migration of zooplankton, utilization of the dissolved
organic nitrogen, vertical diffusion of nutrients from deep, horizontal advection and
atmospheric deposition are required to compensate for the deficit. For instance, the
nitrogen fixation has been the most frequently mentioned in literature and shown to
be as a new production pathway in the nutrient-depleted waters (Karl et a., 1997;
Michaels et al., 2000). In fact, Wong et a. (2002) report high values of nitrate
anomaly up to 2.5 "M at the SEATS site from the fall through early spring during the
northeast monsoon, indicating that the remineralization of nitrogenrich organic
matter formed by nitrogen fixation have played an important role in the nutrient
dynamics in the northern SCS. However, as shown by Y.L. Chen et al. (2004), the
nitrogen-fixing cynobacteria, Trichodesmium sp. and R. intracellularis, are both
gparsely distributed in the mixed layer during spring, and constitute less than 3% of

the new production. The dichotomy between rates of nitrogen fixation measured
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directly by biologica techniques and inferred from geochemical data in the North
Atlantic has been thoroughly investigated by Bates and Hansell (2004) and Hansell et
al. (2004). Further studies, therefore, are necessary to elucidate the sources of

nitrogen in the mixed layer a SEATS stein the northern SCS.

4. Conclusions

A better assessment of seasonal and inter-annual variability of CO, fluxes in
different oceanic regimes is a premise for adequately quantifying the global oceanic
CO, uptake. However, our present knowledge from time-series studies has been
largely achieved by studies in the open ocean (e.g. BATS and HOT), with scant
attention to the margina seas. In this study, we report the first observation of the
carbon system in the mixed-layer at the SEATS time-series site in the northern South
China Sea. Results show that the seasonal pattern of NTCO; in the mixed- layer is
characterized by a progressive decline from spring to early fall and by a subsequent
increase in fal and winter. This seasona variability of NTCO, is mainly due to
biological utilization in spring-summer, and to strong vertical mixing in fall-winter,
respectively. The seasona changes of fCO,, however, are nearly opposite to that of
NTCO,. The observed fCO, augmentation in spring-summer appears to be

primarily the result of temperature increases, despite the fact that about 60% of such a
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temperature effect is compensated by biological utilization. In the fall and winter,
the temperature effect dominates over the combined effects of subsurface water
entrainment and biological production, giving rise to the diminishing fCO, during the
cooling period.

By comparison, our data show that the stronger wind-induced vertical mixing at
SEATS has resulted in a greater extent of biological and temperature effects on fCO»
variations than at HOT. According to the seasona fCO, distributions, surface
waters at the SEATS site act as an atmospheric CO» sink in winter, yet a source in
summer and fal. Throughout the year, however, a net annual sea-to-air CO; flux is
estimated to be -1.28+0.94 to -2.73+2.20 gC m? year’. In response to the observed
NTCO, drawdown, an estimated primary productivity of 177+34~363+69 mgC m?
day? in the mixed-layer is obtained. The continuous spring-summer drawdown of
NTCO, with the absence of nitrate, however, suggests other sources of nitrogen are

required to support the observed new production.
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FIGURE CAPTIONS

Fig. 1. Bathymetric map showing the location of the SEATS (South East Asa

Time-series Study) time-series site (18°15'N, 115°35'E) at awater depth of
~3770m in the northern South China Sea.

Fig. 2. T-Sdiagram showing the distinct shdlow salinity maximum

(534.6; s =~ 24.5) at gpproximately 150 m and the pronounced sdinity
minimum (S= ~34.4; s 4= ~26.8) at about 350m, atypica feature of the South
China Sea waters. (NPTW: North Pacific Tropical Water; NPIW: North
Pecific Intermediate Water)

Fig. 3. Seasonad fluctuations of (a) the mixed-layer depth, (b) TCO,, () NTCO-

(solid line) and potentid temperature (dash line), (d) TA (solid line) and
sdinity (dash ling), (€) NTA and (f) fCO, (solid line) and potentia

temperature (dash line) in the mixed-layer a the SEATS ste from March 2002
to April 2003. The data points represent the averaged vaues of al samples
messured in the mixed-layer from each cruise.

Fig. 4. Seasona varidbility of “ fCOzmean Corrected for DT” (open circle), “fCO; at

27°C’ (filled circle), and observed fCO, (open triangle) in the mixed layer at
the SEATS gte from March 2002 to April 2003. (Seetext for detailsin the
definitions and calculations of “fCOzmean corrected for DT” and “fCO; at
27°C")

Fig. 5. Seasond variations of DfCO, (surface seawater fCO, - atmospheric fCOy) in

the mixed layer a2 SEATS ste from March 2002 to April 2003.
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Fig. 3 (continued)
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Table 1. Comparison of the relative importance of temperature and biologica effects on fCO, variaions a the SEATS Ste
with those at HOT, BATS, KNOT and OSP time-series stations.

Location and Temperature effect / Temperature effect -

: . S S References
Oceanic regime represented Biologica effect Biologicd effect

18°15' N, 115°35' E
SEATS South China Sega, the largest 1.6 (97/62 mam) +35 ntam This study
subtropica margina sea
22°45' N, 158°W Calculated based on

HOT . _ 2.6 (59/23 mam) +36 ntam _
North Pecific subtropica gyre Winnet d. (1994)

31950’ N, 64°10°' W
Bates et al. (2001)

BATS Western North Atlantic 2.7 (150/55 rretm) +95 ntam )
: Takahashi et d. (2002)
subtropica gyre
44°N, 155°E
_ . Calculated based on
KNOT  Northwestern subarctic Pecific 0.8 (174/228 rretm) -54 ntam )
Tsurushima et d. (2002)
Ocean
50°N, 145°W
, - Wong and Chan (1991)
OoSsP Northeastern subarctic Pacific 0.9 (100/115 rram) -10 ntam .
Ocean Takahashi et d. (2002)
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Table 2. Estimates of seasond CO; flux at the SEATS dte udng formulations of Liss and Merlivat (1986), Tans et d. (1990),
and Wanninkhof (1992). The seasona wind speed data are caculated from monthly averaged vaues for 1985-1999
from the ECMWF database (Liang et d. 2000).

DfCO,  Wind speed CO; flux (F, gC m? yrt) and exchange coefficient (K, gC m? year* matm)
Lissand Merlivat (1986) Tanset al. (1990) Wanninkhof (1992)
(rretm) (msY)
F K F K F
Spring -1.9+5 31 0016  -0.03+0.07  0.019 -0.04 +0.07 0.129 -0.25 +0.64
Summer 20.1+5 3.2 0.015 0.30 +0.07 0.038 0.77+0.18 0.139 2.77 +0.68
Fall 9.0+5 6.1 0.220 2.10+1.16 0.595 5.36 +2.97 0.501 450 + 2.50
Winter -153+5 8.8 0488  -747+244 1114  -17.04+557 1043  -1593+5.20
Yealy Average -1.28 +0.94 -2.73+2.20 -2.23+2.26
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Abstract

Profiles of titration alkalinity (TA), total carbon dioxide (TCO,), d*3C of TCO,
(dBCrcoz) and other pertinent data (phosphate, nitrate and apparent oxygen
utilization, AOU) throughout the water column at SEATS time-series station,
northern South China Sea (SCS), collected from seven separate cruises between
March 2002 and August 2003 are thoroughly investigated in this study to better
understand their controlling processes and the influence of anthropogenic CO, on

their depth digtributions.

Results show that phosphate, nitrate, AOU, NTA (normalized TA = TA x
35/sdlinity) and NTCO, (normalized TCO, = TCO, x 35/salinity) all increase, while
d®Crcop decreases, with increasing depth. The vertical distributions thus are
similar to those generally observed in the open ocean except that they al lack a
prominent maximum or minimum in the water column. The discrepancy is
attributed to the fact that deep waters in SCS is originated entirely from the adjacent
West Philippine Sea deep waters and the characteristically short turnover time (~40
yrs) of SCS deep waters that may have diminished any appreciable excursion in

water columns.

A close examination on processes controlling their variations further reveals
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that the increasing trend of NTA is resulted mainly from higher preformed-NTA and
carbonate dissolutionat deep, while organic oxidationand greater preformed-NTCO-
are responsible for the observed increase in NTCO,. The decrease in d**Creop with
depths, however, is principally owing to the decomposition of organic matter.
Moreover, carbonate dissolution accounts for approximately 30% of TCO,
production in the SCS deep waters, and it may have taken place at depths well above
aragonite and calcite saturation depths at 600 m and 2500 m, respectively, in the SCS.
Furthermore, the penetration depth of anthropogenic CO, a the SEATS dte is
estimated to be slightly deeper than 1000 m. The ratio of the decrease of d**Creoy
to TCO, increase, i.e. Dd®Crcox/DTCO,, due to the uptake of anthropogenic CO; is
about -0.024%.(mmol kgl)!. Results from this study thus document for the first
time a complete set of background data necessary for future assessment of both

tempord variahility of carbon system and the fate of anthropogenic CO, in SCS.
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1. Introduction

It has long been recognized that variations of TCO,, TA and d®Crcoy in
seawater @mnstitute adirect and reliable means to investigate the penetration and
storage of anthropogenic CO; in the ocean [Wallace, 2001; Quay et a., 2003].
Pioneer works have been conducted in severa research programs such as World
Ocean Circulation Experiment (WOCE) and the Joint Global Ocean Flux Study

(JGOFS).

To better understand the oceanic uptake of anthropogenic CO,, one of the most
straightforward mears is to carry out long-term time-series observations, which is
designed to examine temporal variability in oceanic carbon system and the
mechanisms controlling its variability. Since the JGOFS era (i.e. late 1980s), eight
ocean time-series programs. Bermuda Atlantic Time-series Study (BATS), European
Station for Time-series in the ocean, Canary Islands (ESTOC), Dynamique des Flux
Atmosphériques Méditerranée (DYFAMED), Hawaii Ocean Time-series (HOT),
Kerguelen Point Fixe (KERFIX), Kyodo Northwest Pacific Ocean Time-series
(KNQOT), Ocean Station Papa (OSP) and the Southeast Asia Time-series (SEATYS)
programs, have been established in order to better understand processes that control

the oceanic carbon cycles in different oceanic regimes [Karl et a., 2003].  During
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the past decade, results from these programs have provided enormously valuably
information on the understanding of biogeochemical processes in the sea and have
been used to constrain models of the carbon cycles in the ocean [Wong and Chan,
1991; Sabine et al., 1995; Winn et al., 1998; Bates, 2001; Gruber et al., 2002;

Tsurushimaet d., 2002; Dore et d., 2003; Gonzalez-Davilaet d., 2003].

As one of recognized oceanic time-series stations by the JGOFS program, the
SEATS station is located in the northern South China Sea (SCS; 18° 15 N, 115° 35 E;
Fig. 1), which is a semi-enclosed marginal sea off the Asian continent in the West
Pacific, and thus represents an oceanic regime of “subtropical marginal sed’. The
seasona variability of the carbon system within the mixed layer and the air-sea CO-
exchange have recently been reported for the SEATS site [Chou et a., 2004]. The
objectives of this study is to examine processes controlling the distribution of NTA
(normalized TA = TA x 35/sdlinity), NTCO;, (normalized TCO, = TCO, x 35/sdlinity)
and d®Crco; throughout the water column, and provides the background information
necessary for future evaluations of tempora variability in the carbon system below
the mixed layer a the SEATS site. In particular, since we focus on the current status
of anthropogenic CO, distributions in the water column, results from this study can

be used as the “ basdine” for future comparison.
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2. Methods

During the course of this study, the SEATS site had been investigated seven
times between March 2002 and August 2003 aboard either R/V Ocean Research | or
1l in March, July, September, and November 2002, as well as January, March, and
August 2003. Discrete water samples for TCO,, TA and d®Crcop anayses were
transferred into 250 ml BOD bottles from Go-Flo bottles mounted onto a Rosette
sampling assembly (General Oceanic Inc.). All water samples were poisoned with
50 ml saturated HgCh solution immediately after collectionand stored at 5°C in
darkness to prevent biological alteration [DOE, 1994]. The sub-samples for nitrate
(NOs) and phosphate (PO,*) measurements were frozen immediately with liquid

nitrogen and kept frozen until they were andyzed in laboratory.

In this study, TCO, and TA were determined following the standard operating
procedures described in DOE [1994]. The coulometric method was used for TCO,
measurements with a precison of 0.1%. The single operator multiparameter
metabolic analyzer (SOMMA) system was used to extract CO, from acidified
seawater samples and then measured by a coulometric detector (UIC, coulometric
Inc., model 5011) [Johnson et al., 1993]. TA was determined by the potentiometric

titration method with a precision of 0.15% (Bradshaw et al., 1981; Millero et al.,
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1993). The titration data passing the carbonic acid endpoint (~4.5 pH) were
calculated to obtain TA using the mass and charge balance method developed by
Butler [1992]. Seawater references prepared and provided by A. G. Dickson were
used throughout this study for calibration and accuracy assessment. The difference
between the certified values and our measurements was less than 2 mmol kg and 3

mmol kg for TCO, and TA, respectively.

Nitrate plus nitrite was measured by reducing nitrate to nitrite that was
identified by means of the pink azo dye method using a flow injection analyzer with
an on-line Cd coil [Strickland and Parsons, 1972; Pai et a., 1990a; Pai and Riley,
1994]. Nitrate was calculated by subtracting nitrite from nitrate plus nitrite.
Precision of this method was gpproximately 1% at 40 nmol kg and 3% a 1 nmol
kg, respectively. Phosphate was measured by the molybdenum blue method using
aflow injection analyzer [Murphy and Riley, 1962; Pai et al., 1990b] with a precision
of £0.5% (0.1-3.0 nmM). Dissolved oxygen was measured directly by a
spectrophotometer with a flow injection analyzer [Pai et a., 1993] with a precision +

0.5nmMM. AOU was caculated usng Benson and Krause' sformula[1982].

For d®®Crcop analysis, 40 ml of sample was injected into a pre-evacuated vessel

and then reacted with 2 ml 85% HPO, to liberate TCO,. The evolved CO, was
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trapped in a 6-mm glass finger using liquid nitrogen after complete removal of water
vapor and other condensable gases by a durry of dry ice and alcohol mixture, and
then torch sealed [McNichol and Druffel, 1992; Sheu et al., 1996; Lin et al., 1999].
I sotopic analysis was performed with a VG Optima mass spectrometer. Results of
isotopic measurement were expressed with the conventional d notation and reported
as per mil (% difference relative to the PDB standard [Craig, 1957]. The overall

procedural error for d*3Cp, ¢ analyses was better than +0.05 %o

3. Results and Discussion

3.1 Depth profiles of phosphate, nitrate, AOU, NTA, NTCO, and d**Crco>

Results of phosphate, nitrate, AOU, NTA, NTCO, and d**Crco, measurements
from seven cruises between March 2002 and August 2003 are plotted in Figure 2 to
demonstrate their general distributiors in the water column at the SEATS station.
As can be seen, phosphate, nitrate, AOU, NTA and NTCO, al increase gradually
with increasing depth, whereas d®Crcop exhibits a mirror image of the other
parameters. Thus, the increasing trends of phosphate, nitrate, AOU, NTA, and
NTCO, at SEATS sation coincide with the typical nutrient-type profiles that are
normally observed in open oceans, i.e. low a surface and high at deep. The

decrease of d*®Crco, with depth is due to the preferentia uptake of 2C by
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microorganisms during photosynthetic utilization in surface waters and subsequent
oxidation of organic remains, which are settling through the water column and are

enriched in *2C, at deep.

On a close examination, however, unlike those observed in the open ocean
where phosphate, nitrate, AOU, NTA, and NTCO, show a maximum and d*3Crcop
exhibits a minimum in the water column [Kroopnick et al., 1972; Kroopnick, 1985],
the profiles at SEATS site are without these prominent features. Such a discrepancy
has been reported previoudly in Gong et a. (1992), Chen and Huang (1996), Chen
and Wang (1998), and Chen et al. (2001) and attributed collectively to the short
turnover time of the deep watersin SCS. Since SCS is a semi-closed marginal sea,
the only sill that is deep enough to alow the deep water flow into the SCS is the
Luzon Strait witha maximal depth of ~2200 m (Fig. 1). As a consequence, the
physical and chemical properties below 2200 m in the SCS bear the similar
characteristics of the deep waters in the West Philippine Sea at depth of ~2200m
[Gong et a., 1992; Chen and Huang, 1996]. The turnover time of the deep watersin
SCS is only ~40 years [Chen and Wang, 1998; Chen et al., 2001] so that the
intermediate, deep, and bottom waters in SCS basin are effectively well mixed and
are nearly the same age. As a result, any appreciable excursion of the profiles in

water column is diminished readily in the SCS.

155



The liner plots of PO,* vs. AOU, NOs vs. AOU, and NO3 vs. PO ae
depicted respectively in Fig. 3. As shown, the data from waters at a depth above
100 m follow the hypothetical Redfield trend fairly well. In contrast, data from
waters deeper than 100 m depart appreciably from the expected Redfield dlopes
[Redfield et al., 1963; Anderson and Samiento, 1994] despite they are well correlated.
Moreover, the PO4>/AOU and NO3/AOQU ratios are higher but the NO3 /PO, ratio is
lower than the Redfield ratios. The good correlation and agreement with the
hypothetical Redfield ratios in the upper 100 m waters imply that values of
preformed phosphate and nitrate in the surface waters are similar, and regeneration of
the particulate organic matters mainly takesplace within this layer. On the contrary,
deep waters in SCS, which was flowing from the West Philippine Sea deep waters
and originated from their source regions in high latitude, are characteristic of higher
preformed nutrient values and a very low preformed AOU [Emerson, 1987; Jenkins,
1985; Gruber, et a., 1996]. Subsequent mixing of these waters would therefore lead
to the observed departure of phosphate and nitrate from the expected Redfield trend

aswdl asthe steeper dopes of PPAOU and N/AOU in waters below 100 m in SCS.

The low N/P values (Fig. 3c) for deep waters observed at the SEATS sitein this
study are not uncommon and have been reported in many other regions [Peng and

Brocker, 1987; Minster and Boulahdid, 1987; Boulahdid and Minster, 1989]. After
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a sophisticated analysis of global nutrients data, Anderson and Sarmiento [1994]

concluded that denitrification might have played an important role in the observed

nitrate deficit in the intermediate waters of the Atlantic, Indian, and Pacific Oceans.

Here, we further test whether denitrification is also responsible for the observed low
N/P in SCS deep waters using the quasi-conservative tracer N* [Gruber and Samiento,

1997; Deutsch et d., 2001], which is defined as:

N* (nmmol kgt) = N —16P + 2.90,

where the constant of 2.90 mmol kg is derived by forcing the global mean of N* to 0.
In principle, remineralization of organic matter releases nitrate and phosphate in a
molar ratio of 16:1 [Redfield et al., 1963; Takahashi et al., 1985; Anderson and
Samiento, 1994], while organic matters produced by nitrogen fixers are characterized
by a high N/P ratio [Karl et al., 1992]. Denitrification on the other hand, consumes
nitrate and releases phosphate at a ratio of 104, provided the stoichiometry of

Anderson [1995]:

Ci06H175042N16P + 104 NO3” = 4CO, + 102 HCO3 + 60N, + 36 H,O + HPO42-

Thus, N* signifies the nitrate deviation from the normal organic decompositionas a

result of the sum of the effects of denitrification and nitrogen fixation. Accordingly,
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apositive N* implies nitrogen fixation being dominant over denitrification, whereas a

negative N* indicates the opposite.

In this study, we have calculated N* only for samples whose nitrate and
phosphate concentrations are higher than 1 and 0.1 mmol kg?, respectively, because
of the inherent uncertainty in N* estimatesusing low N and P data.  Results show
that al N* values in waters below 200 m are negative with a minimum of
approximately -6 mmol kg! (Fig. 4). The calculated N* values thus suggest that the
denitrification indeed can account for the low N/P ratios observed in waters below
200 m in SCS. Nonetheless, it should point out that the negative N* does not
necessarily mean that denitrification is taking place in the water column at SEATS
ste, instead it may represent signals integrated over the course of formation of these
waters. In other words, denitrification may have happened in the oxygen minimum

zones in other locations or in sediments in SCS and then carries to the SEATS dte.

In contrast, N* values in the upper 200 m waters are positive with a maximum
up to about 5 nmol kg'. These values are among the highest values reported in the
Pacific [Deutsch et al., 2001]. As indicated previously in Wong et al. [2002], the
northern SCS meets all environmental conditions required for occurrence of nitrogen

fixation, e.g. a temperature greater than 20°C, an absence of inorganic combined
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nitrogen, a stratified water column, and availability of iron [Karl et a., 1997]. The
positive N* seen in surface waters at SEATS station thus suggests the presence of
active nitrogen fixation. This interpretation is further supported by the observations
of seasonal variations of dissolved inorganic carbon and nitrate in the mixed- layer at
the SEATS site[Chou et a., 2004]. In that study, the authors found that the seasonal
nitrate change could not sustain the corresponding dissolved inorganic carbon
drawdown, and the nitrogen fixation must have to occur to account for the
discrepancy. Our results also agree with that of Deutsch et al. [2001], in which they
suggeded that the western part of the northern Pacific might be the most important

regions for nitrogen fixation in the entire Pacific Ocean.

3.2. Factors controlling the changes of NTA, NTCO, and d*3C in the water

column at SEATS station

It has been well known that variations in NTA, NTCO,, and d**C (heredfter,
unless specified otherwise, d®*C stands for d**Crcoy) in seawaters can be attributed to
changes in their preformed values i.e. values at surface outcrops of a water mass at
the time of its formation and subsequent organic production/oxidation and carbonate
formation/dissolution at various depths in oceans [Chen and Millero, 1979;

Kroopnick, 1985; and Feely et al. 2002], and can be represented respectively by the
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fallowing equations.
NTA™ES = NTAP® + TA%Y9 + TASHD (1)
NTCO,™ = NTCO,"® + TCO,”9 + TCO,*P 2
d13Cmeas — d13Cpre + d13Corg + d13Ccarb (3)

where the superscripts “meas’, “pre’, “org” and “carb” stand for the measured,
preformed, organic oxidation and carbonate dissolution respectively. In this study,
we have applied these equations separately to assess the relative contribution of these

processes to the depth profiles observed at SEATS Sation.

321.NTA
The preformed TA equation of Sabine et a. [2002a] is used to calculate the

NTAP® vaues,

TAP'® = 148.7 + (61.36 x S) + (0.00941x PO) — (0.0582 X q) (4)

where Sis salinity, PO is a quasi-conservative tracer (PO = dissolved oxygen + 170 X
phosphate; after Broecker, 1974), and g is the pontential temperature. The reason
for choosing this equation lies in the fact that it is derived from the WOCE/JGOFS
data in the surface water (0-60 m) of entire Pacific and, as mentioned earlier, that the

water below the surface in the SCSis originated from the West Philippine Sea deep
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waters. Also, the physical uptake of anthropogenic CO, has been shown to not
change the TA concentration of the waters [Millero et a., 1998; Gruber et a., 1996;
Sabine et al., 1999; Fedly et a. 2002;]. Results (Fig. 5, open square) show that
NTAP™® increases gradually with depth from an average surface value of ~2305 nmol
kg! to ~2353 nmol kg! at 2000 m, and then remains constant from 2000 to 3000 m.
The increase in NTAP™® with depth therefore accounts, in part, for the observed
nutrient-type distribution of NTA (NTA™®) in the water column a SEATS Site.

The component “TA®? in Equation (1) represents the change of TA due to
production and/or reminerilization of organic matters. During production of organic
the reduction of nutrients (mainly nitrate) will consume protons, thus raising TA.
On the contrary, when organic matter is decomposed, the oxidation reaction will
release protons, and decreases TA [Brewer and Goldman 1976; Chen et d., 1982].
Conventionally, the net effect between organic production and decomposition on TA
changes is estimated by AOU instead of attempting to determine the changes in
nutrients.  In this study, we adapt a coefficient of 0.119 proposed by Feely et al.

[2002] to caculate the TA®'Y, where

TA%9 = -0,119*AOU (5)

The above conversion has included the contributions from nitrate, organic
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phosphorus and sulfur and assumed an N/AOU ratio of 16/170 [Anderson and
Sarmiento, 1994]. The negative sign in equation (5) indicates an increase of a unit
of AOU at the expense of a unit of TA. As it would be expected, the TA* trend
resembles the depth profile of AOU because it is converted from AOU (Fig. 2¢). In
addition, changes in NTA due to the oxidation of organic matter can be regarded as

the difference between the NTAP™ (open squares; Fig. 5) and (NTAP™ + TA®'9) (open

triangles, Fig. 5).

As formulated in equation (1), “TA®®®" can be readily computed by subtracting
(NTAP® + TA%9) from NTA™, As shown graphically in Fig. 5, NTA™® (open
circles) increases sharply, while NTAP™ (open sguare) and (NTAP™ + TA®9) (open
triangles) increase mildly with increasing depth at SEATAS dation, and are
indistinguishable in upper 200 m of the water column.  The profiles further reveal
that TA®® [NTA™™ — (NTAP® + TA9)] increases sharply with depth due to
carbonate dissolution and is responsible for the large (NTA™®) increase below 200 m
in the water column. In this regard, oxidation of organic matter tends to mitigate the

vertica gradient of NTA™,

3.22.NTCO2

Referring to equation (2), “NTCO,™® is the sum of “NTCO,"®, “TCO*?,
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and “TCO,*™ | in which “TCO,”? can be evaluated from the AOU on the basis of
the constant stoichiometric ratio (C/AOU) of 117/170 [Anderson and Sarmiento;

1994]:

TCO,”"9 = 117/170 * AOU (6)

For “TCO,*™ it can be calculated from TA®® because of the fact that dissolution of
CaCO; results in an increase of TA and TCO, at a ratio of 2/1, i.e. TCO,®P =05 x
TA®®  Substituting equation (1) and equation (6) into this relationship, and

carb»

rearranging the equation, theterm “ TCO» can be computed as follows.

TCO,%P = 05 x TA®@ = 0.5 x (NTA™S - NTAP'® — TA"9)

= 05x (NTA™ _ NTAP™®) + 00593 x AOU @

Finally, NTCO,” can be calculated by subtracting (TCO,*9 + TCO,®®) from
NTCO,"™ (ref. equation 2). Results from these calculations are depicted
graphicaly in Fig. 6. As seen, NTCO,P®, TCO,* (corresponding to the difference
between (NTCO,”®+ TCO,*9) and NTCO,"®), and TCO,*®P all increase with depth.
Thus, the observed depth distribution of NTCO,™* in the upper 300 m is mainly due
to the increase in NTCO"® and TCO,”", while TCO,® together with NTCO”"® and

TCO2°'9 accounts, in larger extent, for the continuous increase of NTCO,™* below

163

16



300 m in the water column.

Furthermore, in order to assess the relative contribution of carbonate dissolution
and decomposition of organic matter to the observed depth variation of TCO,, ratios
of IC/OC (TCO,®YTCO,) are calculated and plotted in Fig. 7. As shown, IC/OC
increases from ~0.1 at 300 m to ~0.4 at 1500m, then remains constant below 1500 m.
The value of 0.4 suggests that approximately 30% of TCO, in waters deeper than
1500 m at the SEATS site is due to carbonate dissolution. The estimated ~30% of
carbonate dissolution in this study is consistent with those report previousy by
Tsunogai [1972], Kroopnick [1974], and Chen [1990] in the Pacific. The high
IC/OC ratio of ~0.4 found in the deep waters of SCS also reflects the fact that they
are originated from the oldest and hence most corrosive water mass, i.e. the North
Pacific Deep Water (Stuiver et a., 1983). The increasing IC/OC ratios with depth
further reveal that carbonate dissolution increases as a function of depth relative to

the rate of organic decomposition that is higher in the upper water at SEATS Ste.

To gain further insight of the status of carbonate saturation in SCS, we have
cal cul ated Waragonite ad Weacite, in Which W = [Ca2*] x [COs%]/K sp, using the program
developed by Lewis and Wallace [1998], and results are shown in Fig. 8. As seen,

deep waters in SCS are under-saturated with respect to aragonite and calcite. Fig. 8
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also shows that saturation depths of aragonite and calcite can be placed at about 600
m and 2500 m, respectively, at SEATS site. The calculated depths are in
consistence with those reported in the same latitude of western North Pacific by
Feely et al. [2002], and are comparable to those documented during WOCE/JGOFS

era

Finally, in order to better assess the depth levels where carbonate dissolution
actually takes place in water column at SEATS site, we have superimposed the depth
distribution of TCO,**® (ref. Equation 2 and Fig. 6; TCO,%® = NTCO, ™ -
(NTCO.P®+ TCO,”9); termed as TA* by Feely et a., 2002) on Waragonite d Weaidite
depth profiles in Fig. 8 It is found that appreciable TCO,®® is present in waters
well above the calcite saturation depth (~2500m), even at depths shallower than the
aragonite saturation depth (~600m). In other words, TCO,**® data indicate that
dissolution of carbonate minerals has taken place at depths shallower than those
assessed by saturation data.  Although the genera consensus has been that
appreciable carbonate dissolution occur only at greater depths in the ocean because
most surface waters are supersaturated with respect to both aragonite and calcite,
recent studies suggest that dissolution of carbonates indeed occurs in shallow waters.
For instance, on the basis of sediment trap data, Milliman et al. [1999] reported that

as much as 60-80% of carbonates exported from the surface layer was remineralized
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in the upper 500-1000m of the ocean Feely et a. [2002] and Sabine et al. [2002b]
found that excess TA did exist in the shallow water well above the calcite lysocline in
the Pacific and the Indian Oceans. Our results at SEATS station in SCS thus support
their contentions. Nevertheless, it should note that estimates from excess TA data
represent the uppermost limit of dissolution, because other sources, such as
non-carbonate sedimentary detritus [Chen, 2002], could contribute also to the
observed TA in the water column. Moreover, mechanisms such as dissolution of
CaCQOs in the guts of zooplankton [Harris, 1994; Pond et a., 1995], enhanced
dissolution during bacterial oxidation of organic matter [Milliman et al., 1999], and
presence of more soluble carbonate phases [Byrne et al., 1984] have been proposed to

help ducidate such a phenomenon in the oceans.

3.23. d¥Crcoo

In order to evaluate the respective contribution of d*3cP® d**C%9 and d**C®® to

d*3C™ \we rewrite the equation (3) in a mass-baance form:

d3C™S X TCO,M ™ =d3CPx TCOP"® +d'3C¥ x TCO,”9 +d*C™ x TCO,™*(g)

where dBc™= B39 and dB*C® represent d*C in TCO,™® TCO Y and

TCO, respectively. In this study, values of -20%dfor d*3C [Goericke and Fry,
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1994] and +2%.for d*C*®P [Bonneau et al., 1980] are adopted in our calculations.

Rearranging equation (8), d*3CP" then can be computed by the following equation:

d®3CP™ (in %= (d3C™™Sx TCO,™ + 20 x TCO, - 2 x TCO,¥) / (TCO"®)  (9)

Results show that d*3CP™ increases progressively from ~0.7%oat the surface to
~1.2%0at 700 m, and then remains in a narrow range (1.2 £ 0.1 %p throughout the
water column to 3000 m (open squares in Fig. 9). The low d*3C® in the surface
waters mainly reflects the fact that the carbon isotopic composition of anthropogenic
CO; is much lighter than d*3C of seawater (-22 to -32% Tans, 1981; Andres et al.,
1996). Additionally, as mentioned earlier, deep waters in SCS, which is originated
from the West Philippine Sea deep waters, is old and bears less negative d*C™®
values during the time when they outcrop in the surface at high latitudes before
sinking downward to enter the SCS. Moreover, as revealed by Gruber et al. [1999]
and Quay et al. [2003], values of the present-day d*C in surface waters of the Pacific
increase with latitudes from 30° to 60° N. Sinking and subsequent import of waters
from high latitudes in northern Pacific to SCS will aso contribute to the observed
increase of d*3C™™ at deep. A further discussion of effects of anthropogenic CO, on

the observed d*3C trend will be presented in the next section.

To further evaluate the net changes in d3C due to the addition of TCO,*
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during organic decomposition, we have assumed the effect of carbonate dissolution is
negligible. The assumption is made because, as shown by the calculated IC/OC
ratiosin previous section TCO- in SCSis mainly derived from the decomposition of
organic matter, which is characteristic of lower d**C than carbonates (~ -20 %ovs. +
1%). Thus, d®®C”? can be readily calculated by the following mass baance

equation:

d13CO9 = [(d*3CP™® x TCO,™™®) + (-20 x TCO,%"9)] / (TCO,P™® + TCO,'%) —d3cPe
Fig. 9 (open triangles) shows the depth profile of the calculated d*3C%9 plus d*C™®.
As seen, they are nearly the same as d**C™ (open circles). In other words, the
observed decrease of d*C with depthat SEATS station is principally owing to the
addition of TCO,*9, while dissolution of carbonates has little effect on the change of

di3c.

3.3 The penetration of anthropogenic CO, at the SEATS station

Estimate of the penetration and storage of anthropogenic CO, (Excess COy) in
the ocean can be derived from the conventional “ carbon chemistry (mainly TCO, and
TA)" methods or the d*3C data [Wallace, 2001; Quay et al., 2003]. The carbon
chemistry method has long been recognized as a direct approach because ocean’ s

TCO; contents response directly to the increment of atmospheric pCO, and the
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resulting greater net air-to-sea CO, flux. Likewise, addition of anthropogenic CO-
in air can result in a reduction of d*C in seawater because anthropogenic CO; is
depleted in 13C [Friedli et al., 1986; Kedling et a., 1989]. In this study, we apply
both carbon chemistry method and d®C data, which have been measured
concurrently, to estimate the penetration of anthropogenic CO» at the SEATS dtation
The use of these paired data sets has the advantage to directly compare results
obtained from these two independent methods, thus providing an internal check on
our estimates. In addition, d'°C data provide a quantitative means to better assess
the constraint on the size of exchange between seawaters and the overlying
atmosphere reservoirs on the basis of ratios of “d**C decrease to TCO, increase, i.e.

Dd*3C/DTCO,, [Keir et d., 1998; Kértzinger et &., 2003).

During the past decade, several techniques on the basis of carbon chemistry
data have been proposed to estimate the magnitude of anthropogenic CO, in the
ocean, including the “back calculation”, “DC*”, “multiparametric mixing analysis
(MIX)”, and “time-series” methods [Wallace; 2001]. However, for a single site
such as the SEATS station in this study, the back calculation method is the only one
that can be applied, because DC* method requires information on water ages along a
fixed isopycnal surface to estimate the term of air-sea disequilibrium [Gruber et al.,

1996; Gruber, 1998]. The MIX method relies on a detailed knowledge of different
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water sources and a complicated analysis of mixing among them [Goyet et al., 1999;
Coatanoan et a., 2001]. Although the ime-series method seems to best fit for a
single site, in which two historical TCO; data sets are compared in a suitable time
interval (generaly longer than ten years) [Sabine et a., 1999; Ono et al., 2000;
Wallace, 2001], the lack of historical data at the SEATS station has impeded such an

effort.

In this study, we have utilized the back calculation method of Chen and Millero
[1979] to estimate the influence of anthropogenic CO, on TCO, and its carbon
isotopic compositions in the water column at the SEATS site. A similar technique
was also proposed by Brewer [1978]. The underlying principle of this method is
that the NTCO,™® for a given water parcel can be calculated after correctiors of
organic oxidation and carbonate dissolution (see section 3.2.2 for the details; the
“NTCO™® denoted as NTCO”%q in the following discussion). The present
NTCOP"® (NTCO present) Of the same water mass can be derived from the potential
temperature (€) because they are well correlated in a given ocean basin. The signal
of anthropogenic CO, (termed as “ anthropogenic CO,” or “excess CO,” by different
researchers) can be assessed by the difference between these two preformed values,
i.e. (NTCOP %ig- NTCOP Sresent).  According to Chen et al. [1986] and Chen and

Huang [1995], the NTCO," present Can be calculated as follows.
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For the deep and bottom waters:

NTCO,”resent (Mol kgh) = 2219 — 11 x & (+ 16)

For waters above and at the inity minimum:

NTCO"®resent (MOl KG'L) = 2242 — 12.08 x & (+ 18)

At depth where the salinity minimum waters mix with deep waters, the €/S plot is
further used to estimate the relative contribution from each. For surface waters, the
“anthropogenic CO,” is estimated from the difference between measured NTCO, and
the “preindustrial NTCO.”, which is computed from the measured TA and

hydrographical data assuming that pCO, equa to 280 ppmv and is a equilibrium.

Results of these calculations are depicted in Fig. 10. Asshown, concentrations
of anthropogenic CO, decrease exponentially with depthand have the highest values
at surface. Below 1000 m, they remain constant throughout the water column,
suggesting penetration of the anthropogenic CO, has reached to this depth. Such a
penetration depth is in good agreement with other studies reported previously in the
North Pacific [Chen, 1987; 1993; Fedy et a., 1999; Sabine et al., 2002a].
Nonetheless, the concentration (~60 mmol kg?) of anthropogenic CO. in the surface

water is higher than that reported by Sabine et a. [2002] in subtropical surface water
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of the North Pacific Ocean (between 40-50 mmol kg?). It should be pointed out that
the estimate of Sabine et a. is based on WOCE/JGOFS data set, which has collected
in early 1990s (principally from 1991 to 1994). The data used in this study are
collected in 2002 and 2003. Taking a TCO, increasing rate in surface water as 1.18
mmol kg! yr? (the rate at the Hawaii Ocean Time-series station from 1988 to 1999;
Dore et al., 2002) for the past 10 years, our estimation falls well within the range of
Sabine et a. [2002a]. The total column inventory of anthropogenic CO; thus is
estimated to be ~18 mol m? a the SEATS site, which is close to ~20 mol m?
reported by Sabine et a. [2002a] for the same latitude in the western North Pacific.
The minor discrepancy may be due to the upwelling circulation in SCS that tends to
reduce its capacity in absorbing both natural and anthropogenic CO,. If the
estimated column inventory of “anthropogenic CO,” at the SEATS dte were
extrapolated to the entire SCS (3.5x10° knf), the total anthropogenic CO, in SCS is

estimated to be from 0.5 to 0.6 Pg C in 2002.

Conventionally, estimates of anthropogenic CO, penetration based on d*3C data
can be furnished directly by the observed temporal changesin d**C (Quay et al., 1992;
Gruber et a., 1999; Sonnerup et a., 1999; Sonnerup et al., 2000; Quay et a., 2003)
or indirectly using the the concurrent d**C-nutrient method [Broecker and Peng, 1982;

Keir et a., 1998; Ortiz et a., 2000]. We have adopted the latter to assess the
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influence of anthropogenic CO; in this study because of the lack of historical
measurements of d*C at SEATS site as mentioned earlier. As discussed previously
in section 3.2.3, vertical distribution of d**C is primarily controlled by the biological
cycling of 13C depleted organic matter in the water column, and an inverse correlation
between d*C and nutrients should be existed. According to Broecker and
Maier-Reimer [1992], the slope in the plot of d*3C vs. phosphate is about -1.1,
providing there is no isotope exchange between seawaters and overlying atmosphere

(i.e. the measured d®C is only affected by the biological processes in the ocean).

The correlation between d**C and phosphate at the SEATS site is plotted in Fig. 11.

As seen, d®C inversely correlates with phosphate, and the slopes of correlation are
much less negative (-0.21 and —0.63 for waters below and above 100 m, respectively)
than the expected biological trend (-1.1). Thedeviation thus suggests that processes
other than biological cycling, such as isotopic fractionations and uptake of
anthropogenic CO,, mugt have involved in decoupling the expected correlation
between d**C and phosphate [Lynch-Stieglitz et al., 1995]. To eucidate this
complication, we first quantify the air-sea exchange signature on d*C and then

separate it fromthe effect of anthropogenic uptake.

It has been known that thermodynamic and kinetic effects during the air-sea

exchange can result in large variations of d**C in the globa surface ocean.
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According to Mook et al., (1974) and Zhang et al. (1995), the temperature-dependent
isotopic fractionation of d**C associated with the air-sea exchange is about -0.1 %o
oKL, As a result, thermodynamic effect tends to make d*3C in cold surface water
higher than that in the warm surface water. Besides, kinetic effects will cause
surface waters enriched in 3C in source areas, whereas depleted in sink areas
[Lynch-Stieglitz et al., 1995]. According to Broecker and Maier-Reimer [1992],
effects of the air-sea exchange on the surface ocean d**C can be derived from the

fallowing relationship:

dBCx = dB¥CM™™=_ (2.7 - 1.1 x [PO4>]) (10)

where d*3C4 stands for d*3C that is affected by the air-sea exchange. It was
originally denoted as Dd*C by Broecker and Maier-Reimer [1992], but later was
renamed by Lynch Stieglitz et al. [1995] to distinguish it from “the gradient of d*3C”
commonly used in paleoceanographic community. Theterm in parenthesis on the
right hand side of equation (10) is the mean ocean biological trend. By definition, a
d®*C.s = 0%oimplies that a given water mass has the same air-sea signature as the
mean ocean deep water. A positive d®Cy indicates a greater effect of air-sea
exchange at low temperature and/or an evasion of CO, from surface water than the

mean ocean deep water, whereas a negative d*3Cas value suggests the contrary.
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Fig. 11 shows that the trend of the plot of d'°C vs. phosphate at the SEATS site
departs appreciably from the hypothetical mean ocean biological trend. It further
reveds that the offset, i.e. the d**C in equation 10, is negative for the waters
shallower than ~800 m (phosphate < 2.6 mmol kg?), while it is slightly positive for
waters below. The negative d*C in shallow waters, however, cannot be attributed
to thermodynamic and kinetic effects alone. Instead, portion of the negative d'3Cx
signd must come from the anthropogenic CO, which is depleted in *C and has

penetrated to a depth of ~1000 m asreveded previoudy (ref. Fig. 10).

To further assess the magnitude of the contribution of anthropogenic CO; to
d"3C,s, denoted as d**C,, we have followed the pre-anthropogenic model of Keir et al.
[1998] and Ortiz et a. [2000] with minor modification. We first assume that waters
below 2000m contain no anthropogenic CO,, because the deep and bottom waters in
the SCS are originated from the North Pacific Deep Water, the oldest water mass in
the globa oceans, so that they are unlikely to have outcropped at or near the sea
surface to contact with the subsequently released anthropogenic CO, after
industrialization. We further assume that the surface water d*C has decreased by
1.0 %ofrom pre-anthropogenic era to the present time. This assumption is made
because the fact that d*3C in the surface ocean waters is decreased by about 0.8 %o

from the last 200 years to the end of 1992 [Béhm et a., 1996] and a rate of d**C
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decrease during the past decade in the surface water of the North Pacific is estimated
to be 0.2 %o [Sonnerup et al., 1999]. Moreover, as shown in Fig. 10, the
anthropogenic CO, content of the surface water a the SEATS site is about 60 mmol
kgl. The assumed 1 %odecease in d*°C will give a Dd**C/ DTCO ratio of about
-0.017 %o (mmol kgh)?, which fals well within the range of the modeling results
(-0.016 to -0.019 %o(nmol kg') ™) from Heimann and Maier-Reimer [1996]. dC,

now can be estimated by the following expressonand shown in Fig. 11 (solid line):

d*3C, =-0.67 x [PO,*] +1.73

As pointed out by Ortiz et a. [2000], the dope of the above pre-anthropogenic trend
(-0.67) would be very close to its current near-surface value, because it is very
insensitive to anthropogenic changes in ocean chemistry and different ventilation.
The slope of d**C to phosphate derived from this study for the waters shallower than
100m at the SEATS site is ~0.63 (Fig 11) and is in good agreement with that of
pre-anthropogenic trend (-0.67). The consistency between these two values,

therefore, supports the validity of our pre-anthropogenic modd.

The offset between d**C, and d'*C™, denoted as Dd**C,,, represents the
magnitude of the “ Suess effect” on d**C and is plotted versus depth in Fig. 12. As

seen, the depth distribution of Dd**C,,, indicates that the signature of “ Suess effect”
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has penetrated to a depth of at least 1000 min the water column at SEATS site, and is
amost identical to the anthropogenic CO, depth profile (Fig. 10) estimated above
from concurrent TCO, and TA data In addition, an averaged Dd**C/DTCO; ratio of
-0.024 %o(mmol kg1)™* throughout the penetration depth can be obtained by dividing
the depth-integrated Dd*3Ca,, (~-440 %om) with the depth-integrated “ excess COy’
(~180000 nmol kg m). This value is very close to the Dd**C/DTCO, ratio
(-0.024%o(mmol kgl)™!) estimated from the temporal changes of TCO, and d**C a
HOT [Winn et a., 1998; Gruber et al., 1999] and the North Atlantic Ocean
[Kortzinger et al., 2003]. It differs, however, from ratios between -0.007 and
-0.015%o(mmol kg')? in the Southern Ocean [McNeill et a., 2001] and a vaue of
-0.016%0 (mmol kgl)?! in the northeastern Atlantic [Keir et a., 1998]. The
discrepancy of these estimates suggests that this ratio can be considerably variable in
different regions of the oceans, and more efforts should be made in order to gain a
better global perspective of the influence of anthropogenic CO, on d*3C of TCO, in

oceans.

4. Conclusons

In this study, we have thoroughly investigated the vertical distributions of NTA,

NTCO, and d**Crco; in the water column at SEATS site, northern South China Sea,
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which are collected from seven different cruises spanning from March 2002 to
August 2003. The depth profiles are then complied to document their general
distributions in the SCS. Furthermore, in order to better understand processes
controlling their variations and to better quantify the influence of the anthropogenic
CO, upon their distributions, we have deconvoluted the profiles into different
components using various techniques that have been used widely in marine
biogeochemical community. The effort thus ensures our results to be able to be
compared with data from other studies for a better coverage of carbon synthesisin the

world oceans.

Our results reveal that depth distributions of NTA, NTCO, and d*Crco; in the
water column a SEATS site are all controlled, in different extent, by
productiorn/decomposition of organic natters, productior/dissolutionof carbonates,
and difference in their respective preformed values. Theincrease of NTA at shallow
waters is resulted principally from the augmentation of preformed values, but in the
deep waters carbonate dissolution becomes increasingly important for the continuous
rise in NTA. For NTCOg, increments of preformed values and organic oxidation
with depth are responsible for the observed increasing trend. The decrease of
d®Crcoz with depth, however, is attributed mostly to organic oxidation in water

column. Calculations further reveal that an approximately 30% of TCO, added to
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the deep waters is resulted from carbonate dissolution. Such a high percentage is
among the greatest values reported in the world oceans and can be attributed to the
fact that deep waters in the SCS is originated from the oldest water mass, i.e. the
North Pacific Deep Water. Moreover, the depth distributions of TCO,*® (TA*)
show that considerable carbonate dissolution may have taken place at depths
shallower than those hypothetically estimated from calcite and aragonite saturations,

providing that contributions from other non-carbonate sources are inggnificant.

We also estimate the depth of anthropogenic CO, penetration in the water
column using “ anthropogenic CO,” and “ DdBCap” data, which are derived from the
“back-calculation” and “d™*C vs. phosphate” methods, respectively. Results show
that anthropogenic CO, has penetrated to a depth dightly deeper than 1000 m at
SEATS dte.  Since more anthropogenic CO- is expected to continuously add into
atmosphere, results from this study will provide a baseline for future studies of the

impacts of anthropogenic CO, on the carbon system in the SCS.
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FIGURE CAPTIONS

Fig. 1. Bathymetric map showing the location of the SEATS Gouth East Asia
Time-series Study) time-series station (18°15'N, 115°35'E). Contours are
in meters.

Fig. 2. Depth profiles of PO,> (a), NOs™ (b), AOU (c), NTA (d), NTCO; (e),
andd*3Crcos (f) a the SEATS sation.

Fig. 3. Plotsof PO4> vs. AOU (), NOs™ vs. AOU (b), and NOz™ vs. POs> (c) at the
SEATS station.  Open circles represent samples taken from depths shallower
than 100 m, whereas solid circles stand for those deeper than 100 m.

Fig. 4. Depth profiles of N* at the SEATS station, which is calculated from N* (nmmol
kg™') = nitrate —16 x phosphate + 2.9 [Gruber and Samiento, 1997; Deutsch et
al., 2001].

Fig. 5. Depth profiles of measured NTA (NTA™®), preformed NTA (NTAP®), and
NTAP® + TA%9 at the SEATS station. See detailsin text for the definitions
and calculations of TA%9 and TA®™®,

Fig. 6. Depth profiles of measured NTCO, (NTCO,™™), preformed NTCO,
(NTCO,P), and NTCOM® + TCO,* at the SEATS station. See text for the
definitions and calculations of TCO,*"? and TCO,*? in details.

Fig. 7. Depth profiles of IC/OC ratio at the SEATS station, which implies the relative
contribution of carbonate dissolution and organic decomposition to TCO;
production in deep waters.

Fig. 8. Depth profiles of aragonite (Waragonite) and calcite (Weacite) Saturation levels at the
SEATS station. Superimposed is the depth profile of TCO,®® (TCO;
produced from carbonate dissolution).

Fig. 9. Depth profiles of measured d®*C @*C™), preformed d*3C (@=C"®), and

d3CP® + d'3C'9 at the SEATS station. See details in text for the definition
and caculation of d*3C°',
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Fig. 10. Depth profiles of anthropogenic CO; a the SEATS dation.

Fig. 11. The correlation between d3Crco; and phosphate at the SEATS station.
Superimposed are two regression lines calculated separately from water
samples above (open circles) and below (solid circles) 100 m. In addition,
the dotted and solid lines denote respectively the hypothetical mean ocean
biological trend and that derived from the pre-anthropogenic model. See
detailsin text for the definitions and calculations of the mean ocean biological

trend and the pre-anthropogenic modd.

Fig. 12. Depth profiles of Dd*C,p, a the SEATS station. See text for the definition
and celculation of “ Dd*3C,.,” in details.
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Fig. 6
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Fig. 10

Anthropogenic CO,(mmol kg™)
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Fig. 11
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